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A watershed-based modeling framework is developed in this dissertation for simulating 
temporal and spatial variations in DO in lowland rivers with organic-rich fine-grained sediment. 
The modeling framework is based on three major contributions/new models, including 
(1)VART-DO model for improved estimation of reaeration coefficient (K2) in natural streams, 
(2)VART-DOS model for simulation of temporal variations in DO in response to sediment 
resuspension, and (3)VART DO-3L model for simulation of spatial variations in DO.  
A major advantage of VART-DO model is the capability of simulating DO exchange across the 
water-sediment interface through the hyporheic exchange mechanism in addition to the air-water 
exchange. Simulation results from VART-DO model revealed that hyporheic exchange can 
reduce K2 by 30% while longitudinal dispersion increases K2 by 50%.  
VART-DOS model is developed for simulation of temporal variations in DO particularly 
due to sediment resuspension effect during high flow. Application results of VART-DOS model 
to the Amite River in Louisiana showed that 83% of DO consumption in water column in July 
1990 was because of sediment resuspension.  
A novel feature of VART DO-3L model is that a fine-grained stream with the flocculent 
layer can be vertically modeled with three layers: overlying water column, an advection-
dominated storage zone, and a diffusion-dominated storage zone in relatively consolidated 
stream bed-sediment. While the importance of flocculent layer to instream DO has been widely 
reported, VART-DO-3L model is the first modeling tool that incorporates the flocculent layer 
into DO modeling. This is a unique feature of VART-DO-3L model, making it possible for 
determining both longitudinal and vertical profiles of DO in streams. Results of VART-DO-3L 
for the Amite River indicated that the DO level decreases longitudinally from 7.9mg/L at the 
xi 
 
Denham Springs station to 2.89mg/L at the Port Vincent station. Vertically, DO level drops 
rapidly from overlying water column to the advection-dominated storage zone and further to the 
diffusive layer. The DO level in the advective layer is about 40% of that in water column. The 
thickness of the diffusive layer varies between 0-10mm, depending on effective diffusion 
coefficient.  

















CHAPTER 1                                                                        
INTRODUCTION 
1.1. Background 
Dissolved Oxygen (DO) concentration is the most important water quality indicator for 
aquatic environments that support aquatic life. DO in rivers and streams is produced and 
consumed dynamically. Therefore, DO concentration within stream systems fluctuates based on 
rates of its production and consumption (USEPA, 2010). In order to maintain aquatic life in 
rivers, estuaries and coastal waters, EPA recommend water quality criteria for DO. Based on 
these criteria, EPA has identified the river reaches impaired by oxygen consuming pollutants. 
Figure 1.1 depicts the percentage of river reaches impairment identified so far for different states 
across the United States. It can be seen from the figure that DO impairment is a serious threat to 
rivers in almost all states. 
The main mechanism responsible for oxygen production in river environments is reaeration 
at the atmosphere-water interface. Plant photosynthesis also produces oxygen in the water 
column. Unlike production processes, DO consumption mechanisms may vary significantly from 
respiration of living species within the water to decomposition of organic materials through 
biochemical reactions and further by reactions at the water-sediment interface. Thus, a 
comprehensive study on DO variations in rivers should include transfer of oxygen across 
atmosphere-water and water-sediment interfaces. Numerical modeling of water quality has been 
used to describe spatial and temporal variations in constituent of concern (Motta et al., 2010). 
For DO concentration evaluation, the simplified Streeter-Phelphs (1925) model has been further 
improved over the past decades to get more realistic results by incorporation of additional terms 




Figure ‎1.1- Percentage impairment of river reaches for different states calculated according to 
information from EPA website. (*) defines the percentage based on impaired reach length (mile) 
to the total length examined; otherwise, the number of DO-related impairments to the total 
number of impairments was used to calculate the percentage of impairment. 
 
For example, Chapra (1997) introduced a comprehensive model for evaluation of oxygen cycle 
in aquatic environments. Chapra and Runkel (1999) considered the effect of storage zone (dead 
zone, hyporheic exchange) on dissolved oxygen variations below a point source to investigate 
the significance of such physical process. Graves et al. (2004) examined water quality 
characteristics of storm water runoff from major land uses in south Florida. They captured 
frequent low dissolved oxygen conditions as a consequence of runoff event from the watershed. 
They also defined a DO concentration for each land type. According to Welch et al. (1998) land 
cover change, especially removal of riparian vegetation, as well as land use alteration generally 
results in increased erosion, increased algal production, changes to temperature regimes, and 
reduced concentration of DO. Duan et al. (2008) collected land use/land cover data from two 
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different datasets to study water quality change in Saint Louis Bay watershed in Mississippi. In 
addition, various studies were undertaken to address DO-related water quality issues in different 
rivers (Cox, 2003) by means of modeling tools. While extensive efforts have been made in 
improving DO modeling, no existing model is generally perfect for instream DO estimation due 
to the diversity of factors controlling DO variations, such as hyporheic exchange, air-water 
interaction, and instream geochemical processes.  
While billions of dollars in federal, state, and local funds have been spent on development 
and implementation of dissolved oxygen TMDLs plans the validity and usefulness of plans 
contingents on thorough identification and determination of various processes that affect 
dissolved oxygen changes in river systems. Furthermore, environmental changes like low flow 
condition, high flow condition, land use/cover have impact on dissolved oxygen changes in 
rivers. 
1.2. Study Area 
The Amite River watershed is selected for the present research. Amite River watershed is 
one of the fast growing areas in the southeast Louisiana (Figure 1.2). It includes the metropolitan 
area of Baton Rouge with the population of 227000 (Patil, 2009) and has major industrial areas 
in the region. The Amite River has the biggest watershed in the Lake Pontchartrian basin and has 
been impaired due to low dissolved oxygen. The Amite River watershed experiences a typical 
subtropical humid climate with mild winters (November through April) and hot summers (May 

















Figure ‎1.2-Amite River watershed location and monitoring stations 
 
1.3. Goals and Objectives 
The overall goal of this study is to improve our understanding of instream DO variations in 
response to environmental changes at temporal and various spatial scales ranging from 
catchment scale to river reach and further to station scales. As stated, aquatic life requires 
oxygen dissolved in the water column for survival. Accurate determination of DO in impaired 
rivers/streams would help us define best management practices more efficiently. Based on Figure 
1.3, the specific objectives of this dissertation are: 
(1) to improve and re-calculate the reaeration coefficient by incorporating hyporheic exchanges 
and dispersion process into governing equations;  
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(2) to determine temporal variation in dissolved oxygen in the Amite River with emphasis on the 
effect of sediment resuspension on DO, and 
(3) to model and map spatial variation in dissolved oxygen along the Amite River, and 
 
Figure ‎1.3- Flowchart showing relationship among dissertation chapters 
 
1.4.  Scope and Organization of Dissertation 
There are numerous causal relationships between DO fluctuation and stressors in aquatic 
environment according to US EPA, as shown in Figure 1.4. Addressing all of these relationships 
in a single study is rather implausible. The incorporation of all processes into a single model 
makes parameterization and calibration of the model difficult, if not impossible, due to the 
requirement of large amounts of data which are not readily available. In addition, some of the 
causal links in Fig. 1.4 become unimportant under certain conditions. Therefore, widely used 



























WASP model may require the evaluation of more than 70 parameters if all interacting processes 
are incorporated. While this dissertation intends to keep DO modeling as simple as possible, the 
focus is more on hydrologic and hydraulic processes responsible for DO changes along 
rivers/streams. Unlike conventional modeling of DO, the effect of storage zones (hyporheic 
exchange) on DO variation is considered in the present study. The hyporheic exchange process 
accounts for exchange of DO between the main river channel and surrounding environment. 
Thus, a river system is considered as an integrated system involving mass exchanges between 
surface and subsurface water and between main channel and side pockets along the main 
channel. In addition, the assumption of plug-flow was employed in previous studies which are 
mostly based on Streeter-Phelps model. The assumption of plug-flow ignores the actual mixing 
that takes place particularly in rivers. Mixing is important to the exchange of oxygen at 
atmosphere-water interface. Thus, mixing processes, including dispersion and hyporheic 
exchange processes, are included in the simulation of DO changes in this dissertation. In next 
chapter, such interactions are examined and evaluated. 
Considering effects of watershed-scale land use/land cover changes and non-point source 
BOD loadings on instream DO variations is a new feature of the present dissertation. The main 
contribution of this dissertation is, however, to present modeling tools which are capable of 
capturing temporal and spatial variations in DO along rivers/streams. To this end, the effect of 
sediment resuspension on DO concentration in water column during high flow condition was 
incorporated into in the governing equations of DO changes. Furthermore, a new approach was 




Figure ‎1.4- Causal relationship among DO changes and stressors with system response to changes  
[Re-draw from original diagram; Source USEPA website, 2011] 
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or streams with organic-rich fine-grained bottom sediments during low flow condition. Although 
this dissertation considers the impact of anthropogenic practices through land-use and land cover 
change, it does not explicitly include biochemical reactions due to presence of organic materials, 
nutrients, chemical contaminants, and reduced metals. More specifically, oxidation and reduction 
capacities, algal bloom effect, and carbon fixation effect are not directly considered in this study. 
While lumped effects of these DO-consuming processes are considered in proposed models, the 
main focus of the dissertation will be on hydrologic and hydraulic processes such as dispersion, 
hyporheic exchange (transient storage), sediment resuspension during high flow conditions, 
oxygen exchange at the air-water interface and the water-sediment interface during low flow, and 
the effect of watershed-based non-point source BOD loading due to watershed-scale hydrologic 
processes. Based on aforementioned objectives and the scope, dissertation will be organized as 
follows:  
 Chapter 1- Introduction  
 Chapter 2- VART Model-Based Method for Estimation of Instream Dissolved Oxygen and 
Reaeration Coefficient: This chapter focuses on exchange of oxygen at air-water interface. 
The objective of this paper is to investigate the combined effect of transient storage and 
longitudinal dispersion on the reaeration coefficient and thereby on DO in streams. To that 
end, the VART model presented by Deng and Jung (2009) is modified in this paper to 
simulate the instream DO deficit. The VART model includes both the transient storage and 
longitudinal dispersion mechanisms. The longitudinal dispersion is estimated using the 
method presented by Deng et al. (2001). Since the reaeration coefficient is unknown, the 
VART model is solved inversely to estimate the reaeration coefficient. The inversely solved 
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reaeration coefficient is then compared with existing empirical equations to assess the effect 
of the transient storage and longitudinal dispersion on the reaeration coefficient. 
 Chapter 3- Watershed Modeling of Amite River for Estimation of BOD Loading: In this 
chapter, watershed based modeling of Amite River will be performed by using Hydrological 
Simulation Program-Fortran (HSPF). Different types of data and parameters; 
meteorological, geographical, hydrological data as well as hydraulic data, should be 
provided for modeling Amite River watershed. The model will then be calibrated for flow, 
temperature, dissolved oxygen, and biological oxygen demand (BOD) from across the 
watershed. 
 Chapter 4- Modeling Sediment Resuspension-Induced DO Variation in Fine-Grained 
Streams: The primary objective of this study is to present a simple yet effective model for 
simulation of DO transport and exchanges across water-sediment and water–air interfaces in 
rivers. While the emphasis of this paper is on the effect of sediment resuspension on DO, a 
novel feature of the current study is to simulate DO variations in both low flow without 
sediment resuspension and high flow with sediment resuspension with a single model, called 
VART–DOS model, greatly simplifying the DO modeling. The objective will be achieved 
by incorporating sediment resuspension effect into our instream VART–DO model from the 
second chapter.  
 Chapter 5- Modeling Spatial Variations in Dissolved Oxygen in Fine-Grained Streams 
under Uncertainty: In previous chapter, while the VART-DOS model included the effect of 
diffusive mass exchange on instream DO, the diffusive layer was not explicitly included in 
the model. As a result, the VART-DOS model is unable to produce the vertical profile of 
DO in the bottom sediment. The overall goal of this part of study is to develop a new model 
10 
 
for simulation of vertical and longitudinal variations in DO in fine-grained streams at daily 
time-scale. Thus, diurnal variation in DO will not be considered in this paper. Due to diverse 
spatial scales involved in DO variations and associated variability and uncertainties in 
model input parameters, specific objectives of this paper are (1) to present a new model 
including various physical and biogeochemical processes responsible for DO variations in 
fine-grained streams, (2) to examine the sensitivity of model parameters to identify sensitive 
parameters, (3) to simulate and analyze various cases representing the variability and 
uncertainty in model parameters, and (4)  to apply the model to the Lower Amite River in 
Louisiana, USA to test the performance and demonstrate a practical application of the new 
model. 
 Chapter 6- Summary and Conclusions: This chapter will summarize major findings of this 
dissertation.   
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CHAPTER 2                                                                                                       
VART MODEL-BASED METHOD FOR ESTIMATION OF INSTREAM 
DISSOLVED OXYGEN AND REAERATION COEFFICIENT 
2.1. Introduction 
Dissolved oxygen (DO) concentration is a key health indicator of stream ecosystems. 
Variation in DO may be caused by various physical, chemical, and biological processes and 
factors. Extensive efforts have been made to understand the processes and factors responsible for 
DO fluctuations (Streeter and Phelps 1925; O’Connor-Dobbins 1958; Churchill et al. 1962; 
Chapra and Runkel 1999; Gualtieri et al. 2002; Duan et al. 2010). An important physical process 
controlling instream DO is the air-water exchange. The air-water exchange flux is commonly 
described using the reaeration-rate coefficient (Covar 1976; Melching and Flores 1999; Gualtieri 
et al. 2002).   
A wide spectrum of empirical formulas have been proposed to estimate reaeration 
coefficient for water quality modeling, including the empirical equations proposed by Streeter 
Phelps (1925), O’Connor-Dobbins (1958), Churchill-Elmore-Buckingham (1962), Owens-
Edwards-Gibbs (1964), and Langbein-Durrum (1967). The equations were generally obtained 
under certain assumptions and distinct hydraulic conditions. Therefore, they may not be 
applicable to streams other than those from which the equations were originally derived 
(Melching and Flores 1999; Gualtieri et al. 2002; Duan et al. 2010). Gualtieri et al. (2002) 
reviewed 20 equations found in the literature for estimation of reaeration coefficient. Most of the 
empirical equations were derived based on field or laboratory data along with the pioneer 
equation of the Streeter-Phelps (1925). Additional factors such as sediment oxygen demand, 
photosynthesis oxygen consumption, and respiration of plankton and other species were added to 
the original equation of Streeter-Phelps to get more realistic results for DO deficit in streams by 
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Dobbins (1964). This type of equations is essentially an advection-dispersion equation (ADE) 
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] is the flow velocity along x direction, E is the 




], t is the traveling time [T], L is the BOD concentration 
[ML
-3
], K1 is the rate of biochemical oxidation of carbonaceous materials, and K2 [T
-1
] is the 
reaeration coefficient. The constants P and R represent photosynthesis rate and respiration rate in 
the water column, respectively. 
In addition to the air-water exchange and instream reactions, sediment-water exchange 
(hyporheic exchange) has been found to play an important role in solute (including DO) transport 
in streams (Bencala 1983, Runkel 1998, Deng et al. 2009). Chapra and Runkel (1999) 
investigated the impact of the transient storage on the DO sag and BOD curves using the 
transient storage model (Bencala 1983, Runkel 1998). They clearly identified the difference 
between the minimum DO concentration that obtained using conventional Streeter-Phelps 
equation and the equation that incorporates the transient storage effect. They concluded that 
incorporation of this effect is important to river water quality modeling. While the transient 
storage effect was included, Chapra and Runkel (1999) ignored the dispersion term. In fact, 
dispersion process is generally not taken into account in DO modeling (Dobbins 1964).  
Deng et al. (2010) examined the influence of shear dispersion and hyporheic exchange on 
instream solute transport, and how these two transport processes prevail in larger and smaller 
streams, respectively, using the Variable Residence Time (VART) model. They found that the 
effect of dispersion on solute transport is negligible as compared to hyporheic exchange in small 
streams but the dispersion process is more important than hyporheic exchange process in large 
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rivers. Both the dispersion and hyporheic exchange processes are important in moderate-sized 
streams.  
The objective of this paper is to investigate the combined effect of transient storage and 
longitudinal dispersion on reaeration coefficient and thereby on DO in streams. To that end, the 
VART model presented by Deng and Jung (2009) is modified in this paper to simulate instream 
DO deficit. The VART model includes both the transient storage and longitudinal dispersion 
mechanisms. The longitudinal dispersion is estimated using the method presented by Deng et al. 
(2001). Since the reaeration coefficient is unknown, the VART model is solved inversely to 
estimate the reaeration coefficient. The inversely solved reaeration coefficient is then compared 
with existing empirical equations to assess the effect of the transient storage and longitudinal 
dispersion on the reaeration coefficient. 
2.2. Materials and Methods 
2.2.1. VART Model for DO Simulation 
Natural streams and especially small streams are characterized by the hyporheic exchange 
(Deng et al. 2010) that affects biogeochemical processes and DO levels in water column. 
Therefore, extensive efforts have been made to model the hyporheic exchange process. A 
number of numerical models, such as transient storage model (Chapra and Runkel 1999, Bencala 
and Walters 1983) and continuous time random walk model (Boano et al. 2007), have been 
proposed. One of the recent models, VART model presented by Deng and Jung (2009), is able to 
generate multiple types of solute residence time distributions observed in streams while no user-
specified residence time distribution functions are required.  This is a powerful and unique 
feature of the VART model. Physically, the VART model includes three zones: (1) water column 
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zone, (2) an advection-dominated transient storage zone, and (3) an effective diffusion-
dominated storage zone, as shown in Figure 2.1.  
 
Figure ‎2.1- Typical Cross-Section of a Stream and its Storage Zones 
 
Mathematically, the VART model, incorporating air-water exchange (reaeration) and other 
biogeochemical processes controlling DO, can be obtained by combining VART model (Deng 
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where Ds is DO deficit in the storage zone, Aadv= advection-dominated area of storage zone, 
Adiff= diffusion-dominated area of storage zone, Tv = residence time in the storage zone, DE = 
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effective diffusion coefficient in bottom sediment, Tmin is the minimum residence time, ts is the 
time since solute releases from storage zone to the mainstream. According to classic Streeter-
Phelps model, the equation for DO changes along the rivers is usually coupled to the equation 
expressing BOD distribution. Thus, similar to VART-DO, VART-BOD can be considered with 
corresponding sources/sinks. VART-BOD and VART-DO are then solved jointly to get the 
concentration of BOD and DO along the rivers. As a result, besides DO observed data, BOD 
concentrations are also needed. More detailed descriptions about the VART model and its 
applications can be found in Deng and Jung (2009) and Deng et al. (2010). To discretize the 
VART-DO model and solve the equations efficiently, the split-operator method may be used. In 
the split-operator method, it is commonly assumed that the pure advection process and dispersion 
process occurs alternatively with time and the advection process occurs in the first half-time step 
and the dispersion along with transient storage and other reactions in the VART-DO model takes 
place in the second half for one time step. More details about the split-operator method can be 
found in Deng et al. (2006). 
The last four terms in Eq. (2) are added to the original VART model to represent the oxygen 
exchange between air and water, BOD removal by oxidation, photosynthesis, and living species 
respiration, respectively. In order to identify the effect of reaeration (K2 D) on DO, the last three 
terms in Eq. (2) is dropped in this study. In fact, the observed data used in this study were from 
river reaches that were free from BOD degradation and aquatic respiration and without the 
impact of diurnal photosynthesis. A solution of the VART model requires the estimation of 
several model parameters including E, DE, As/A (As =Aadv + Adiff), and minimum residence time 
(Tmin). For DO deficit, reaeration coefficient is an additional parameter that acts as a sink term in 
the model as it reduces DO deficit. In a forward problem, the model parameters are generally 
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assumed to be known from field tracer test data, typical values in the literature, or similar 
analysis. It is, however, not always possible to obtain suitable values for all of the parameters in 
advance. Field tracer tests are expensive and time-consuming. Values suggested in the literature 







(Elliott and Brooks 1997; Qian et al. 2008). One way to addressing this issue is to use an inverse 
modeling technique. If DO concentration data are available from field measurements, DO deficit 
can be calculated easily. Then, the problem becomes an inverse problem in which the model 
parameters can be estimated by means of an optimization algorithm.   
2.2.2.      Inverse Modeling 
Inverse modeling (calibration) was widely used to estimate model parameters in 
groundwater-related problems (Sun 1994, Yeh 1986) while it was not employed frequently in 
surface water problems. It is possible to estimate the value of reaeration coefficient by changing 
the forward problem to an inverse one and making use of observation data. The inverse modeling 
technique generally involves two steps: (1) computation of objective function values based on 
observed data to obtain initial parameter estimations and (2) a more detailed parameter 
determination using an optimization scheme. Due to the uncertainties involved in field 
experiments and data collection, it is wise to utilize a random search technique to find reaeration 
coefficient that optimizes the calculated DO deficit values according to observed data.   
The VART-DO model for calculating DO deficit may be formulated as: 
                                                                                        
where MP refers to the model parameters to be estimated and D, x, t are defined previously. 
Though the formulation was considered to calculate the DO deficit, it is possible to compute the 
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suitable values for MP by employing the field observation data for D. Therefore, the inverse 
problem can be formulated as: 
  ̃   ( ̃    )                                                                          
in which  ̃ is the estimated parameter based on the observation data ( D
~
). As discussed by Sun 
(1994), such inversed identification problem may be readily transferred to an optimization 
problem. In optimization problems, the objective function FO(D) is commonly set as the output 
least square, i.e., 
         








   
                                                      
where Dobs refers to the observed DO deficit value, Dcom denotes the DO deficit value obtained 
from the numerical solution of VART model, and N is the number of observations. 
In addition to parameter K2, other VART model parameters may also be estimated using the 
inverse modeling technique. It is, however, advantageous to first conduct a sensitivity analysis to 
determine how sensitive the results are with respect to the change in individual model 
parameters. Those less sensitive parameters may be assigned the suggested value from references 
and therefore removed from the optimization procedure. Eq. (9) is then minimized for the 
remaining unknown parameters. 
To solve the inverse problem of VART-DO model subject to the objective function in Eq. 
(9), the Simplex-Simulated Annealing (SIMPSA) (Cardoso et al., 1996) and the Genetic 
Algorithm (GA) (Matlab online help, 2009) are utilized. The advantage of SIMPSA is the 
employment of a simulated annealing technique through which solutions are generated 
stochastically and errors are minimized. The SIMPSA escapes the local optima to yield a global 
minimum. The main advantage of the GA is the improvement of results by ignoring the less 
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appropriate solutions. By the GA, appropriate values are calculated for the unknowns and then 
the SIMPSA uses these values as the initial guess to predict the final values by a random search. 
However, this procedure is soon recognized as being time-consuming and unnecessary. As a 
result, initial guesses are defined arbitrarily from the acceptable ranges for each of the unknowns. 
The returned values which minimize the objective function FO(D) in Eq. (9) are considered as the 
optimum value. The optimization process requires observed data for the DO deficit. 
2.2.3.      Observed Data 
Churchill et al. (1962) gathered a large amount of DO data from Clinch, Holston, French 
Broad, Watonga, and Hiwassee Rivers and expressed reaeration coefficient as a function of flow 
characteristics such as flow depth and velocity. One outstanding feature of their work was that 
they selected the river reaches which were not polluted with decomposing organic materials.  
Oxygen demand of such materials could seriously affect the true reaeration coefficient. 
Furthermore, Churchill et al. in 1962 controlled the hydraulic conditions for their field 
experiments through hydraulic structures (e.g. dam) at the upstream of the selected reaches. This 
helped maintain a constant flow velocity during the field experiments. The steady state flow in 
their study obviated the need for hydrodynamic modeling for obtaining the velocity field. 
Additionally, the impoundment of water for a long time reduces the DO concentration and the 
reaeration can be obtained in a more realistic condition. Thus, Churchill et al. (1962) took 
reaches that were long enough to allow reaeration to take place to a measurable extent. They 
avoided the reaches that have major tributaries to prevent the different DO concentrations from 
disturbing the results.  
To obtain the reaeration coefficient by applying the VART-DO model inversely, the 
observation data gathered by Churchill et al. (1962) were utilized. The DO deficit was directly 
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calculated from the data for DO concentration and measured temperature. DO concentrations in 
the saturation condition may be calculated as: 
        
                                                             
                                                                                   
in which Cs is the DO concentration in the saturated condition, and T is water temperature in 
degree Celsius. It should be pointed out that Eq. (10) is obtained by using the saturated DO 
concentration data for different temperatures collected by the Missouri Department of Natural 
Resources (2010). The coefficient of determination (R2) of Eq. (10) is 0.9999. A typical graph of 
the data was shown in Figure. 2.2. It is obvious from Figure 2.2 that the DO deficit decreases 
with distance from the upstream site to the downstream site due to the reaeration. Also, at both 
the upstream and downstream sites the DO deficit time series shows an increasing trend with 
time. According to Churchill et al (1962), the decrease in the DO concentration was due to the 
impoundment at upstream end of the reach.  
 
2.2.4.      Sensitivity Analysis 
In order to evaluate the impact of the VART-DO model parameters on the DO deficit and 
corresponding K2, a sensitivity analysis is performed for selected parameters. Three parameters 
(As/A, E, and K2) involved in the VART-DO model for DO deficit were considered as unknown 
variables and estimated through inverse modeling. The procedure includes optimization of an 
objective function which is actually the root mean squared error (RMSE) between the calculated 
DO deficit and observed data. RMSE is the statistical criterion most commonly used in the 
literature to assess the performance of hydrologic models (Boyle et al., 2000; Moriasi et al., 





Figure  2.2- DO deficit data calculated for a reach along Clinch River using measured data by 
Churchill et al. (1996). 
 
Different values were assigned to the modeling parameters and the Root Mean Squares 
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   ). To assess the effect of transient storage zone (As) on DO 
deficit, four differing values of 0, 0.2, 0.5, and 1 were assigned to the ratio As/A. These are 
typical values for As/A (Chapra and Runkel 1999). For effective diffusion coefficient, DE, the 






/s were considered. In fact, the effective 
diffusion coefficient was found to have very minor impact on DO deficit and was set to zero 
latter in the model. The main reason was that the relatively high flow velocity in the selected 
river reaches (Duan et al. 2009) significantly reduced the effective diffusion-induced DO 
exchange. Different values were also assigned to the dispersion coefficient (E). Initially, E value 


























typical values (Deng et al. 2001). The flow velocity (U) and cross-sectional area (A) were 
determined using the data of Churchill et al. in 1962. The minimum residence time Tmin is 
determined using the method presented by Deng et al. (2010). 
 The reaeration coefficient (K2) was initially set to the value measured by Churchill et al. 
(1962) for the reaches along Clinch, Holston, French Broad, Watonga, and Hiwassee Rivers 
while dispersion coefficient and storage zone term were set to zero initially. The dispersion 
coefficient and As/A values were changed for different K2 values to verify the changes in RMSE 
(mg/L). The results for Clinch River (experiment 3 in Churchill et al. (1962)) are summarized in 
Table 2.1. Therefore, the reference values for this river reach were: K2= 2.26 (1/day), E=As/A=0 
and RMSE= 0.092 (mg/L). In Table 2.1, the percentage change of RMSE was calculated using 
the reference value of RMSE. 
It can be seen from Table 2.1 that increasing the As/A ratio and K2 value increased the 
RMSE when E value is equal to zero. However, the minimum value for RMSE was obtained 
when E increased to values calculated from the formula of Deng et al. (2001). In this case, the 
As/A ratio was not zero, indicating the impact of storage zones on the reaeration coefficient K2. 
Sensitivity analysis also demonstrated that for large changes in K2, RMSE just underwent small 
changes. Table 2.2 shows that the K2 value varies from 0.6 to 1.0 (1/day) while RMSE just 
changes from 0.043 to 0.051. Based on the sensitivity analysis, a combination of the values for 
dispersion coefficient, storage zone area ratio (As/A), and reaeration coefficient that returns the 

















0.0 0.082/-11 0.057/-38 0.092/0.0* 0.182/ 98 
0.2 0.066/-28 0.080/-13 0.119/ 29 0.209/127 
0.5 0.113/  23 0.148/ 61 0.182/ 98 0.263/186 




0.0 0.103/ 12 0.059/ -36 0.048/-48 0.069/-25 
0.2 0.087/ -5 0.048/ -48 0.044/-52 0.080/-13 
0.5 0.084/ -9 0.067/ -27 0.075/-18 0.112/ 22 




0.0 0.114/ 24 0.082/-11 0.067/-27 0.048/-48 
0.2 0.102/ 11 0.070/-24 0.056/-39 0.041/-55** 
0.5 0.091/ -1 0.064/-30 0.053/-42 0.051/-45 
1.0 0.096/  4 0.082/-11 0.081/-12 0.091/ -1 
*Corresponding to reference values                       **Corresponding to the minimum RMSE 
 
Table ‎2-2- Results of sensitivity analysis for reaeration coefficient 
K2 %K2 change RMSE %RMSE  change 
0.6 0 0.043 0 
0.8 33 0.044 2 
0.9 50 0.047 8 
1.0 67 0.051 18 
 
2.3. Results 
2.3.1.     Scenario I: Reaeration Coefficient with E=0 
According to Dobbins’s (1964) verification cited by Esen and Rathbun (1976) the impact of 
the dispersion coefficient (E) on DO reaeration is negligible. Thus, for the first scenario E was 
set to zero. Additionally, due to the relatively high flow velocities in all the considered cases, DE 
was also considered as zero. The rest of the modeling parameters are calculated through the 
optimization by minimizing Eq. (9) with respect to As/A, Tmin, and K2. The results are shown in 
Figure. 2.3 where the K2 values calculated using the VART-DO model and existing empirical 
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methods fall along the 45 degree line. It means that the existing empirical methods are a special 
case of the VART-DO model when both the longitudinal dispersion and the transient storage 
effects are ignored.  
 
Figure ‎2.3- Comparison of reaeration coefficient of VART and empirical equations when 
dispersion is neglected; E=0.0. 
 
However, a recent study by Deng et al (2010) showed that stream channel size affects the 
relative importance of the longitudinal dispersion and hyporheic exchange terms in a stream. 
Large rivers are dominated by instream advection and dispersion (large longitudinal dispersion 
coefficient) processes. The influence of hyporheic exchange on solute transport increases with 
decreasing channel size. Solute transport in small streams is affected more significantly by 
hyporheic exchange. Both the longitudinal dispersion and hyporheic exchange terms are 
important in moderate-sized rivers. It means that neither the longitudinal dispersion term nor the 
transient storage term should be dropped in solute transport modeling for moderate-sized rivers. 
It is also apparent from Table 2.1 that both the transient storage zone and the longitudinal 



















































should be included while for large rivers at least the longitudinal dispersion term should be taken 
into account. Due to the high uncertainty involved in the estimation of the longitudinal 
dispersion coefficient and the stream size effect. Two additional scenarios are considered for the 
dispersion coefficient. 
2.3.2.     Scenario II: Reaeration Coefficient with Strong Longitudinal Dispersion 
Dispersion mechanism controls mixing of solute (including DO) in the water column. The 
longitudinal dispersion is calculated using the equation presented by Deng et al. (2001).  
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in which E is dispersion coefficient in the x direction, U* is the shear velocity, H is the flow 
depth, B is the channel width, U is the average velocity, and ψ is a multiplier which is equal to 
15 for the current scenario. M* is defined as: 
         
 








    
                                                               
The calculated K2 values are plotted in Figure 2.4. It is clear that K2 values for all river-
reaches were shifted below the 45 degree line. In other words, all K2 values estimated by the 
empirical equations are smaller than the values calculated from the inverse VART-DO model. 
2.3.3.    Scenario III: Reaeration Coefficient with Weak Longitudinal Dispersion 
The value of parameter ψ in Eq. (15) is set as 1 in this scenario to represent the weak 
dispersion process in small streams. Calculated K2 values for the selected river reaches are 
shown in Figure 2.5 A comparison between Figures 2.5 and 1.3 indicates that the results from the 
scenarios I and III are similar. The estimated parameter values meeting Eq. (9) for the selected 




Figure ‎2.4- Comparison of reaeration coefficient of VART and empirical equations considering 
the dispersion coefficient with ψ=15 in the Eq. 15. 
 
 
Figure ‎2.5- Comparison of reaeration coefficient of VART and empirical equations considering 
dispersion coefficient with ψ=1 in the Eq. 15. 
 
2.4. Discussion  
Based on the three designated scenarios and associated graphs (Figures 2.3-2.5), K2 values 


































































































zero or very small. This implies that the existing empirical equations are a special case of the 
VART-DO model without the dispersion and transient storage effects. It is also true that 
increasing the dispersion coefficient enhances the mixing phenomena in the water column which 
subsequently increases the turbulence and transfer of mass from the very top layer to the bottom 
of the water column. As a result, the reaeration coefficient increases, as shown in Figures 2.3 and 
2.4. 
Table ‎2-3- Selected values for different river reaches based on optimization 
River Reach E (m
2
/s) As/A Tmin (hr) K2 (1/day) 
Holston 1 359 0.000 0.402 2.862 
Holston 2 403 0.001 0.590 2.399 
Holston 3 408 0.000 0.357 2.652 
Clinch 1 0.0 0.050 0.210 3.790 
Clinch 2 0.0 0.023 0.241 2.527 
Clinch 3 174 0.170 0.995 3.382 
Clinch 4 280 0.002 0.330 .590 
Clinch 5 262 0.061 0.548 4.963 
French Broad 355 0.034 0.464 7.210 
Watauga 0.0 1.000 1.000 8.640 
Hiwassee 0.0 0.967 0.412 3.197 
 
The effect of storage zones on the calculated DO deficit can be significant in some small 
streams like the Clinch River while the effect may become small or even negligible in some 
other rivers like the reaches along Holston River. It is also evident from sensitivity analysis that 
for a fixed K2 value, different values of As/A can cause some noticeable changes in the results. 
The optimum K2 values were selected from various combinations of parameter values for As/A, 
E, and reaeration coefficient according to Eq. (9) that minimizes the RMSE through an 
optimization procedure. The RMSE values calculated with the K2 values from the existing 
empirical equations were not the minimum as compared with that from the VART-DO model. It 
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means that the K2 values estimated using the existing empirical methods are not so accurate as 
compared with the K2 values computed using the VART-DO model. Figures 2.6-2.10 show 
comparisons of the RMSEs between observed DO deficit and the calculated one by using the K2 
values of present study and those of empirical equations.  In each graph, the x-axis is the RMSE 
of DO deficit with K2 calculated using the VART-DO model while the y-axis is the RMSE of 
DO deficit with K2 obtained from empirical equations. It can be seen from the figures that the 
RMSEs of the existing empirical methods are always higher than those of the VART-DO model. 
The smaller RMSE values or more accurate results from the VART-DO model were achieved by 
taking into account the transient storage and longitudinal dispersion effects. The impact of 
storage zones on DO may become more significant in some small urban streams where BOD is 
constantly present and flow velocity is generally small, as demonstrated by Chapra and Runkel 
(1999). The longitudinal dispersion increases the air-water DO exchange. The effective diffusion 
becomes important in natural streams with small flow velocity. 
The optimization procedure used in this paper is able to produce the optimum K2 value for 
observed DO data. In some cases like the Clinch River 5, K2 values from present study is about 5 
times greater than the values predicted by the empirical equations.  Consequently, the inverse 
modeling of VART-DO model in combination of the optimization procedure seems to yield a 
























































































































































Figure ‎2.10- Comparison of RMSEs corresponding to the K2 of Bansal equation and inverse 
VART calculation 
  
2.5. Comparison of VART-DO with other models and main contributions of 
this chapter 
In order to understand new contributions from this chapter, it is important to understand the 
difference between the VART-DO model and other widely used dissolved oxygen models such 
as Streeter-Phelps and water quality analysis simulation program (WASP).  
(1) VART-DO model presented in this chapter is a simplified version of the general model 
VART-DO-3L (in Chapter 5) that includes major processes responsible for exchanges of 
DO at the air-water interface and water-sediment interface, mixing in water column 
through dispersion, and reactions such as BOD degradation. To understand the fundamental 
implications of transient storage zone (hyporheic exchanges) and dispersion processes on 
reaeration, in VART-DO model emphasis is on DO changes as the result interactions 
among these mechanisms. Furthermore, the impacts of diurnal processes of photosynthesis 






























concentrations. This simplification and assumption is usually made in TMDL development 
for DO. 
(2) VART-DO model is a relatively simple yet effective model for estimation of the reaeration 
coefficient and the DO concentration in streams in terms of major processes responsible for 
DO variations. The simple Streeter-Phelps model is usually unable to determine which 
process dominates the DO concentration in rivers, because it does not include a sufficient 
number of processes and thus does not meet the demand of simulating DO (Cox, 2003). In 
Streeter-Phelps model (Eq. 14), DO deficit (shortage of oxygen from saturation level) 
changes is related to the effects of reaeration (source term) and BOD degradation (sink 
term). It is also assumed in Streeter-Phelps model that DO distributed evenly at cross 
section and moves as plug flow with no mixing (Lin, 2001; 
http://en.wikipedia.org/wiki/Streeter-Phelps_equation) which limits the application of the 
model to small streams and short reaches.  






                                                                           (14) 
In contrast, the WASP model (Wool et al., 2001; Vellidis et al., 2006), includes several 
other kinetic processes such as CBOD deoxygenation, NBOD deoxygenation, reaeration, 
sediment oxygen demand, nitrification/de-nitrification, mineralization of dissolved organic 
nitrogen, growth of phytoplankton and photosynthesis process, and respiration in addition 
to the time-varying processes of advection, dispersion, point and diffuse mass loading, and 
boundary exchange. These kinetic processes (Eq. 15) require identification of at least 70 
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                  (16) 
C1, C4 are concentration of Ammonia-Nitrogen and Phytoplankton Carbon, respectively. 
In Eq. (15), the terms in the RHS are reaeration, BOD oxidation, nitrification, sediment 
oxygen demand, phytoplankton growth, respiration, respectively. In fact, the data needed to 
parameterize widely used WASP model is generally prohibitive. Thus, VART-DO model 
with 13 modeling parameters provides a simpler modeling framework that includes more 
important processes. 
(3) VART-DO model is unique in terms of incorporation of dispersion and transient storage 
Effect. Hyporheic exchanges in VART-DO account for the interaction of main channel 
flow with surrounding dead zone water and subsurface flow (Bencala, 1983a, 1983b, 1993, 
2000; Gooseff et. al., 2002; Runkel, 1998, 2002; Chapra and Runkel, 1999). From 
biochemical perspective, subsurface flows and storage zones are generally low in dissolved 
oxygen compared to stream water. Therefore, biogeochemical gradient is included in 
VART-DO. Unlike OTIS model used by Chapra and Runkel (1999), VART-DO considers 
dynamic changes of DO and variable residence time. In addition, dispersion process in 
VART-DO represents mixing and as showed induces more exchange of DO at water 
surface. Chapra and Runkel (1999) considered plug-flow (no mixing) in their studies. Table 
2.4 presents the processes considered by VART-DO and comparison with Streeter-Phelps 
and WASP model in terms of level of complexity. 
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Table ‎2-4- Processes considered by different models 










 Reaeration × × × 













Respiration     × 
 
2.6. Conclusion 
The study may be concluded with the following major findings: 
1) This chapter presents an effective approach for estimation of the reaeration coefficient and 
the DO concentration in streams. The new approach is characterized by the VART-DO 
model and an optimization procedure for inverse modeling. VART-DO includes major 
processes affect DO concentration. To keep the VART-DO model relatively simple as 
compared to widely used WASP model, BOD degradation, diurnal DO changes (i.e. 
photosynthesis and respiration), and nitrification are ignored (as also induced by available 
observed data). This particularly helpful in understanding the effect of hyporheic exchange 
and dispersion processes on reaeration and DO changes.  
2) Storage zones are indispensable parts of streams. In some river reaches like those along 
Hiwassee, Watauga, Clinch reach 3, and French Broad, the transient storage significantly 
affect the determination of optimum K2 values. The storage zone effect may become more 
important in streams where biologically degraded materials impacts the DO concentration 
while the river reaches in the present study were selected such that the effect of 
biodegradable materials was negligible and the velocities were high. Storage zones can 
35 
 
reduce K2 and RMSE values for about 30 percent. Therefore, it is more realistic to consider 
their effect in the DO modeling. 
3) Dispersion mechanism is important to DO exchange. The study showed that strong 
longitudinal dispersion can increase K2 values. According to the sensitivity analysis, 
dispersion coefficient may increase K2 value by about 50 percent and decreases RMSE by 
about 48 percent. 
4) The K2 value computed using the VART-DO model may be up to 6 times greater than those 
obtained from existing empirical equations. The combined effects of storage zones and 
dispersion coefficient should be considered in estimation of K2. 
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CHAPTER 3                                                                                                     
WATERSHED MODELING OF AMITE RIVER FOR ESTIMATION OF 
BOD LOADING 
3.1. Introduction 
Water quality modeling is commonly conducted to estimate the impact of various changes 
such as agricultural practices, urbanization, and land cover changes, on surface and subsurface 
water and assist in decision making processes (Laroche et al., 1996). These processes usually 
consist of (1) defining the priority for watersheds with higher intervention (Phillps, 1989), (2) 
determining critical zones within watershed (Maas et al., 1985), (3) considering best 
management practices, and (4) evaluating achievable surface water quality (Larsen et al., 1988). 
Among many computer models, watershed models are essential and effective tools for 
investigating complex nature of mechanisms that are influential to water quality conditions of 
water bodies. Hydrological Simulation Program- FORTRAN (HSPF) is a continuous simulation 
model (Bicknell et al., 2001) that is widely used for watershed modeling and management. HSPF 
was developed by the U.S. Environmental Protection Agency (USEPA) and supported by U.S. 
Geological Survey (USGS). As part of the present study, the main objectives in this chapter are 
(1) simulating and calibrating flow discharge, (2) simulating and calibration of temperature, (3) 
modeling and calibration dissolved oxygen (DO), and (4) obtaining biological oxygen demand 
(BOD) concentration in Amite River between Denham Springs and Port Vincent using HSPF 
model. The modeling results are used to supplement the observation data we had from USGS 
stations along the Lower Amite River. 
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3.2. Materials and Methods 
3.2.1. Better Assessment Science Integrating point and Non-point Sources 
(BASINS) 
The US Environmental Protection Agency (USEPA) developed the Better Assessment 
Science Integrating point and Non-point Sources (BASINS) that encompasses multiple modeling 
powers with a geographical information system (GIS; ArcGIS
®
) (Brun and Band, 2000). In fact, 
BASINS modeling framework employs the national watershed data and the state-of-the-art 
environmental assessment for a multi-purpose environmental analysis. BASINS provides three 
broad sets of metadata: (1) spatially distributed data, (2) environmental monitoring data, and (3) 
other data which are accessible externally through download. Land use/land cover, urbanized  
areas, populated place locations, reach file version 1 (RF1), soils (STATSGO), elevation (DEM), 
national elevation dataset (NED), major roads, USGS hydrologic unit boundaries (accounting 
unit, cataloging unit), EPA regional boundaries, state boundaries, county boundaries, federal and 
Indian lands, and eco-regions are all included in BASINS as spatially distributed data. 
Environmental monitoring data such as water quality station summaries, water quality 
observation data, bacteria monitoring station summaries, weather station sites, USGS gaging 
stations, and permit compliance system sites and loadings are usually provided by USEPA and 
are embedded into BASINS. Data such as national hydrography dataset (NHD), national land 
cover data (NLCD), population data, and list of impaired waters can be downloaded and used in 
BASINS framework. Figure 3.1 shows a snapshot of the data layers in BASINS platform. These 
layers will be shown in the following paragraphs in detail. The GIS-based hydrologic modeling 
tool in BASINS allows the user to modify, for example, the land use attributes and define 




Figure ‎3.1- Right: Amite River model in BASINS; Left: various data layers
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framework for analysis and development of TMDL standards and guidelines nationwide (Borah 
and Bera, 2004) and design of Best Management Practices. 
GIS interface of BASINS enables retrieving pre-digitalized Amite River watershed and 
download the data from various databases to be used in watershed modeling. In Figure 3.2 Amite 
River watershed, flow networks, main streams, and tributaries are depicted. A digitalized soil 
information layer (NRCS-STATSGO soil database) and land use /land cover data layer (US 
Geological Survey (USGS)-GIRAS database) (Figure 3.3) are usually used in further 
classification of areas in the watershed (Singh et al., 2005). Based on the topology and existing 
stream network, the watershed is divided into five smaller and hydrologically connected 
subwatersheds. Since the focus of present study in on dissolved oxygen changes in the Amite 
River between Denham Springs and Port Vincent, watershed was delineated so that the outlets of 
subwatersheds are aligned with the observatory stations at these two stations which is also 
helpful for calibration practices. A USGS elevation data (digital elevation model, DEM) (Figure 
3.4) layer along with a pre-digitalized stream network data layer (National Hydrography Dataset, 
NHD) (Figure 3.2) were used for watershed delineation (Singh et al., 2005). Figure 3.5 shows the 
sub-watersheds and their corresponding outlets across the Amite River watershed. For 
hydrological simulation, time series of climate data such as precipitation, potential ET, air 
temperature, dew point, solar radiation are required. BASINS can access to the meteorological 
stations in the study area to retrieve climate data for the period of simulation. In Figure 3.6, the 
stations in the Amite River watershed are shown. The data from Baton Rouge station was used in 
the present studies. The latest version of BASINS 4 was utilized in characterizing flow condition 





Figure ‎3.2- Amite River watershed and river systems in BASINS4 
 
3.2.2.  Hydrological Simulation Program- FORTRAN (HSPF) 
One of the modeling tools integrated in BASINS is Hydrological Simulation Program-
FORTRAN (HSPF).  HSPF model is a comprehensive,  continuous watershed-scale simulation 
model, which has a modular structure and is a lumped parameter model (Singh et al., 2007; 
Albek et al., 2004) with great complexity (Al Abed and Al Sharif, 2008). The model is capable 
of considering both point and non-point pollution sources and performs flow and water quality 
routing in river reaches. The main challenge about HSPF model is that a large number of 
parameter values should be defined. These values cannot be obtained from field data. Instead, 
calibration practice is needed (Singh et al., 2007). HSPF model has three main modules, 
including PERLND, IMPLND, and RCHRES for simulating pervious and impervious land 
segments and river reaches/reservoir, respectively (Singh et al., 2007; HSPF manual, Bicknel et 
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al. 2001). HSPF estimates surface runoff using hourly time step as a function of infiltration that 
is computed using Philip’s equation (Philip, 1957). A storage routing technique is used to rout 
water from one reach to the next during stream processes. The hydraulic characteristics of the 
reaches in the model are defined by parameters in the function table (FTABLEs). These 
FTABLEs define the volume-discharge relationships in the reaches.  
 
Figure ‎3.3- Soil, land use/cover across Amite River watershed in BASINS4 
 
Derived from the Stanford Watershed Model (SWM), HSPF accounts for all stream flow 
components: base-flow, interflow, and runoff. HSPF is a comprehensive package for water 
quality modeling for both conventional and toxic organic pollutants. HSPF allows integrated 
simulation of land and soil contaminant runoff process with instream hydraulic, water 
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temperature, sediment transport, nutrients, and sediment-chemical interactions (Donigian and 
Huber, 1991). The result of HSPF simulations based on precipitation is producing time history of 
the runoff flow rate, sediment load, chemicals, nutrients, and pesticides at any points in the 
watershed. Therefore, it is a suitable model for simulation of runoff, erosion, and fate and 
transport of pollutants. 
 
Figure ‎3.4- Digital elevation map of Amite River watershed in BASINS4 
 
Since HSPF model uses continuous records of rainfall, evapotranspiration, temperature, and 
solar intensity for simulation, only those watersheds which are in a reasonable vicinity of 
meteorological stations with reliable long-term climate data can be modeled properly. Moreover, 
for the calibration purposes, the watershed has to have USGS gauge stations that have historical 
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discharge flow and water quality information. For present study, these conditions are satisfied 
since the data from Baton Rouge meteorological station; close to the river reach from Denham 
Springs to Port Vincent, for the simulation period (year 1990) is available. In addition, at both 
Denham Springs station at upstream and Port Vincent station at downstream USGS observatory 
data for flow and DO are available.    
 
Figure ‎3.5- Sub-watersheds delineated across Amite River watershed and outlets in BASINS4 
 
In the HSPF model, several subroutines are called to simulate flow runoff, sediment loads, 
and water quality. The subroutine OXRX includes the longitudinal advection of DO (defined as 
DOX in HSPF) and BOD, sinking of BOD materials, benthic oxygen demand, release of BOD 
materials from bottom sediment, reaeration, and oxygen depletion due to decay of BOD 
materials in determining oxygen balance. The HSPF model uses an empirical nonlinear equation 
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to relate dissolved oxygen at saturation to water temperature (Bicknell et al., 1996). The instream 
DO model involves the biochemical oxygen demand and dissolved oxygen balance to determine 
the in-stream dissolved oxygen concentration. The balance of biochemical oxygen demand and 
dissolved oxygen mainly accounts for reaeration, sediment oxygen demand (SOD), biochemical 
oxygen demand (BOD) and benthic and phytoplankton activities. Dissolved oxygen is consumed 
by organic materials (denoted as CBOD) and by nitrogenous BOD (denoted as NBOD) through 
nitrification process are considered in the HSPF simulation. The reaeration coefficient is 
calculated as a power function of hydraulic depth and velocity (Covar, 1976). 
 
Figure ‎3.6- Meteorological stations across Amite River watershed and Baton Rouge station 





3.3.1. Simulation of flow discharge in the Amite River  
Flow discharge along the Amite River at Port Vincent was simulated and the results are 
shown in Figure 3.7. Several hydrological parameters affect the simulation results and should be 
adjusted to calibrate the model. The sensitive parameters are lower zone nominal storage 
(LZSN), upper zone nominal storage (UZSN), infiltration (INFILT), interflow inflow parameter 
(INTFW), inflow recession parameter (IRC), groundwater recession parameter (KVARY) and 
basic groundwater recession rate (AGWRC). To assure the simulation results, observation data 
from USGS station at Denham Springs was also shown for comparison. Further evaluation of 
flow duration curves (Figure 3.7) revealed that for a large portion, particularly during high flow 
condition, both simulated and observed data match well. For low flow condition, however, the 
two curves deviated. Since the flow condition in Amite River at Port Vincent is usually high due 
to flow from different tributaries, the simulated flow discharge is used for the further studies in 
following chapters.  
3.3.2. Simulation of dissolved oxygen and biochemical oxygen demand in the 
Amite River  
The DO and BOD are simulated with the water quality module after satisfactory flow 
discharge simulation and calibration. The contribution of land uses in producing BOD and 
nitrogenous contaminant has great impact on the results for DO and instream BOD 
concentration. Since sparse DO data from Denham Springs and Port Vincent are available, they 
are used to check the simulation results. Figures 3.8 and 3.9 show the simulation results for DO 
change at Denham Springs and instream BOD concentration along Amite River. These results 
will be used in the next chapter for simulation of sediment resuspension effect on DO variation 
along Amite River. 
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3.3.3. Land use and land cover changes across the Amite River watershed 
The primary land use in the Amite River watershed was forest with 60% in early 1990’s. 
However, urbanization and agricultural practices during past decades caused significant changes 
of land uses/land cover across the Amite River. Figure 3.10 depicts the land use changes of the 
Amite River watershed based on National Land Cover Database (NLCD) for years 1992, 2001, 
and 2006. Based on these land use data, from 1992 to 2006 urban area doubled and cropland 
increased by 70% while forests reduced by 60% (Figure 3.11). Such changes in land use/land 
cover should be accounted for properly in any TMDL development. Since these land use/land 
cover changes affect the watershed BOD loads into the Amite River. 
3.4. Discussion and Conclusion 
HSPF model was used to simulate flow discharge, DO, and BOD concentration at Denham 
Springs station in the Amite River. However, HSPF had a huge number of modeling parameters 
which need to be well defined. In this study, the general procedures suggested by USEPA were 
followed to first calibrate the flow discharge. To that end, a trial and error approach was used to 
define the best value for each of the modeling parameters within their defined ranges. These 
ranges are defined by USEPA based on results from studies on various rivers across the country. 
Following the calibration of flow discharge, DO and BOD were calibrated according to the 
suggestion provided in HSPF manual. Available observed flow and data were used in calibration 
and BOD concentration was obtained once model was calibrated. The BOD concentration results 
showed that flow discharge is substantial in magnitude of BOD that discharged from watershed 
into the Amite River. Thus, the maximum concentration of BOD during January was five times 



















Figure ‎3.10- Comparison of land use/land covers across the Amite River watershed 
 
 
Figure ‎3.11- Land use/land cover changes in the Amite River watershed 
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CHAPTER 4                                                                                                  
MODELING SEDIMENT RESUSPENSION-INDUCED DO VARIATION IN 
FINE-GRAINED STREAMS 
4.1. Introduction 
Dissolved Oxygen (DO) is by far the most important water quality indicator for aquatic life 
(Williams and Boorman, 2012; Patil and Deng, 2012). The instream DO variation may be caused 
by various environmental factors. The DO becomes low in summer and high in winter following 
seasonal temperature variation trend. In general, the DO also experiences diurnal variations 
especially in small streams. During sunny days, the DO level commonly rises due to 
photosynthesis oxygen production. DO drops to a low level at night due to the respiration of 
aquatic plants. Decreased DO levels may also be indicative of water pollution due to discharges 
of oxygen-consuming contaminants such as COD (chemical oxygen demand) and BOD 
(biochemical oxygen demand) that are abundant in untreated sewage, partially treated sewage, 
organic discharges, and anoxic discharges. 
In addition to the widely documented natural and pollution-induced variations (Chapra 
1997), it is also found that the DO level in streams with organic-rich fine-grained sediment 
exhibits significant fluctuations during flood events due to sediment resuspension, as shown in 
Figure 4.1. The peak flow of 35.11 m
3
/s on July 13, 1990 produced maximum sediment erosion 
(calculated in the following section) with the minimum DO of 2 mg/l in the Amite River, 
Louisiana, USA. Similar results of DO reduction as the result of sediment resuspension were also 
observed in other studies (Waterman et al. 2011, Hwang et al. 2011, Motta et al. 2010). 
The reduction in DO concentration due to sediment resuspension is generally attributed to 
the sediment resuspension-enhanced decomposition of labile organic matter by aerobic 
microorganisms in water column (Hopkinson 1985, 1987, and 1996; Lopez and Garcia, 2001). It 
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was reported that the concentration of organic materials in fine-grained bottom sediment is much 
higher (orders of magnitude) than that in the water column (Wainright and Hopkinson, 1996). 
Sediment resuspension may cause the release of labile organic matter from bottom sediment to 
the water column and rapid decomposition of the released organic matter, leading to acceleration 
of oxygen consumption in water column and subsequent DO drawdown.  
 
 
Figure ‎4.1- Flow, erosion rate, and DO concentration at Port Vincent Station during July 1990 in 
Amite River 
 
The focus of previous studies was more on measurement and quantification of sediment 
oxygen demand (SOD) rather than effect of sediment resuspension on DO variation (Berg et al., 
2003; Arega and Lee, 2005). Motta et al. (2010) presented a modeling framework for studying 
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the effect of organic sediment resuspension on dissolved oxygen concentration in rivers. The 
model made it possible to capture the additional oxygen demand from sediment resuspension. 
Waterman et al. (2011) made in situ measurement of suspended sediment oxygen demand. They 
presented a mathematical equation relating sediment resuspension oxygen demand to 
concentration of total suspended solids and oxygen concentration with site-specific constant 
parameters. Waterman et al. (2011) found that during the early phase of sediment resuspension, 
oxygen demand increased twice as high as the background sediment oxygen demand (SOD). 
Finally, they concluded that oxygen demand is one order of magnitude higher during sediment 
resuspension than sediment without resuspension. 
In the studies of Motta et al. (2010), the modeling framework needs several parameters from 
bottom sediment and water column which are not usually available; i.e. BOD concentration 
attached to particles in bottom sediment or to particles in water column. As a result, their 
modeling framework cannot easily be implemented for other rivers. The equation of Waterman 
et al. (2011) requires concentration of total suspended solids. Unless calculated from erosion rate 
of bottom sediment, total suspended solids’ observed data may not be readily available as in the 
case of the Amite River. 
With VART-DO, it was previously shown in chapter two that hyporheic exchange and 
dispersion mechanism have effects on fate and transport of dissolved oxygen in rivers. The 
primary objective of this study is to present a simple yet effective model for simulation of DO 
transport and exchanges across water-sediment and water-air interfaces in rivers with emphasis 
on effect of sediment resuspension on DO variation. The objective will be achieved by 




4.2. Materials and Methods 
4.2.1. Conceptual Model for In-Stream Dissolved Oxygen 
Major mechanisms and processes responsible for instream DO variations are conceptually 
described in Figure 4.2. It is generally recognized that DO variation in a stream can be affected 
by mass fluxes across the air-water and water-sediment interfaces in addition to longitudinal 
transport and reactions. Sediment resuspension and respiration of living species and 
photosynthesis can also influence DO concentration. BOD degradation, nitrification, existence of 
reduced metals and other chemical/biological reactions often result in DO consumption in 
benthic sediment. As mentioned in chapter two the DO exchange between the overlying water 
column and the benthic sediment can be affected by the transient storage and the Sediment 
Oxygen Demand (SOD).  
 
 
Figure ‎4.2- Mechanisms that affect DO changes along a river 
 
4.2.2. Numerical Model for In-Stream Dissolved Oxygen 
By extending the VAriable Residence Time (VART) model (Deng and June 2009, Deng et 
al. 2010), in chapter two a new model was presented, called VART-DO model, for simulation of 
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instream dissolved oxygen (DO) transport and exchanges across both air-water and water-
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where in above equations D is the DO deficit [ML
-3
] (the difference between saturation DO 
concentration and actual DO level) in water column, DS is the DO deficit [ML
-3
] in the storage 
zone, U is the flow velocity [LT
-1





], t is the traveling time [T], KD is the rate [T
-1
] of biochemical oxidation of carbonaceous 
materials, K2 is the reaeration coefficient [T
-1
], Aadv = advection-dominated storage zone area 
[L
2
], Adiff = diffusion-dominated storage zone area [L
2
], TV = residence time [T] in the storage 




] in bottom sediment, Tmin = minimum residence 
time [T], and ts = the time [T] since solute release from the storage zone to the mainstream. 




], oxygen consumption 




], and BOD concentration [ML
-3
] in the water column, 
respectively. The VART-DO model along with many existing empirical DO models is applicable 
to streams without sediment resuspension.   
The resuspension of bottom sediment containing labile organic matter during flood events 
may cause rapid decomposition of the released organic matter and accelerate oxygen 
consumption and subsequent DO drawdown in water column. In order to develop a general 
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model that is applicable to both low flow without sediment resuspension and high flow with 
sediment resuspension, the VART-DO model is further extended to incorporate the sediment 
resuspension process and other DO consumption mechanisms such as SOD described in Figure 

















           
              
     
      (
 
      
)  
   
 
                                                             
in which C = DO concentration [ML
-3
],  a = temperature coefficient for reaeration (-), KD = 
oxidation coefficient [T
-1
],  D = temperature coefficient for deoxygenation (-), KBOD = half 





],  s = temperature coefficient for SOD correction (-), and   = DO consumption rate [T
-
1
] due to sediment resuspension. The terms on right-hand side in Eq. (4) include longitudinal 
dispersion, transient storage zone effect, reaeration, deoxygenation of input BOD from 
watershed, sediment oxygen demand, and sediment resuspension-induced DO consumption, 
respectively. The DO concentration in the storage zone can be written as:  





                                                                                   
In Eq. (4), the DO consumption rate   is defined as:  
      
     
       
                                                                         
where ws [L/T] is sediment settling velocity and can be determined using the method proposed 
by Cheng (1997); λ[-] is the porosity of sediment; Hb [m] is the depth of sediment erosion; 
Parameters α and m are empirical coefficients. Parameter β takes into account the effect of 
temperature on DO consumption and it is defined as the ratio of daily average temperature to 
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summer average temperature of water. Parameter Es is a dimensionless rate of erosion and can be 
determined using the following formula introduced by Smith and McLean (1977):    
   
       
  
   
   
     
  
   
   
                                                                      
Eq. (7) was widely mentioned in literature to calculate the erosion rate (Garcia, 2008) especially 
for the present Amite River where detailed concentration of suspended sediment is not available. 
It was previously used by Motta et al. (2010) in the case of Bubbly Creek in Chicago, IL. Bottom 
sediments in Bubbly Creek are made of silt/fine sand with median size (D50) of 82μm. For Amite 
River, based on limited available data, a D50 value of 50μm was used (the lower range of the 





dimensionless shear stress and critical shear stress, respectively, and τ
*
 is defined as: 
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in which RH[L] is hydraulic radius; g [L/T
2
] is gravitational acceleration; d [L] is particle size; S 
[-] is specific gravity of submerged sediment; so refers to bottom slope that may be approximated 
using Manning’s equation when flow rate, cross sectional area, Manning’s coefficient are 
known. Settling velocity in Eq. (6) is calculated as: 
   
 
 
 √            
                                                                
    




                                                                                   
in which G [-] is specific gravity of sediment; ν [L
2
/T] is kinematic viscosity of water. In Eq. (4), 
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The dispersion coefficient (E) is calculated using the formula proposed by Deng et al. 
(2001): 
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in which U* is the bottom shear velocity, H is the depth of water, B is the width of river, U is the 
velocity, and ψ is a multiplier. M* is defined as: 
         
 








    
                                                    
In Eq. (4), KD is considered as 0.2d
-1
,  a is 1.024 (Chapra, 1997),  D is 1.040 (Alp and 
Melching, 2006), and  s equals 1.065 (Zison et al., 1978).   
According to the abovementioned equations, VART-DOS is formulated to capture sediment 
resuspension-induced DO reduction (last term on right hand side of Eq. 4) as well as the effect of 
storage zone and hyporheic exchange along rivers (2
nd
 term on right hand side of Eq. 4, and Eq. 
5). Thus, VART-DOS makes it possible to consider the interaction between hyporheic exchange 
and sediment resuspension effect in consuming DO. Such interactions are probably dependent on 
hydraulic conditions and morphology of bottom sediment.  
4.2.3. Study Area 
The Amite River is located in southeastern Louisiana, USA and it has a drainage area of 
approximately 3435 km
2
, as shown in Figure 4.3. The Amite River watershed has experienced 
significant changes in land use and climate since 1950s. The forest land has dropped from 60% 
in 1954 to current 27% while urban areas have increased by 10% and agricultural areas by over 
20%. The drastic change in land use and land cover has significantly increased nonpoint source 
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discharges of pollutants and nutrients to streams, causing organic enrichment of the Amite River 
and particularly bed sediment (Deng and Patil, 2011). As a result, the Lower Amite River is 
impaired for dissolved oxygen, nitrate/nitrite, chlorides and total phosphorus (Patil and Deng, 
2011; Jung and Deng, 2010; and Mishra and Deng, 2009). The Amite River flows generally 
southwestward to the Lake Pontchartrain estuary that is connected to the Gulf of Mexico. 
Therefore, the Amite River (especially the Lower Reach of the Amite River) is a coastal river 
characterized with organic-enriched fine-grained sediment (Deng and Patil, 2011). 
4.2.4. Data Collection 
The hydrologic data used in this paper were collected from various sources. According to 
Mishra and Deng (2009), the sediment concentration in the Amite River before Denham Springs 
station is in the range of 3-114 mg/L. In the Lower Amite River, based on recent survey 
conducted by USGS, the bottom sediment is composed of primarily fine grained of clay, silt, fine 
sand. For this study, it was assumed that sediment particles had median size of 50μm in the 
Lower Amite River which is especially representative of sediment particles in Port Vincent. The 
observed flow and DO data were obtained from USGS (2011) and simulations by Patil and Deng 
(2010). The geometry and sediment parameters of Lower Amite River are presented in Table 4.1. 
Mays (2001) mentioned that Manning’s coefficient in major natural streams (with width > 100 
ft) with no boulders varies in the range 0.025-0.06. Thus, Manning’s coefficient is set as 0.04 for 
the Amite River. The parameters Aadv./A, DE, α, and m in the VART-DOS model are obtained 




Figure ‎4.3- Map of Amite River watershed showing the study reach from Denham Springs to 
Port Vincent 
 













 d (µm) 
Jan-90 222 2.82 45 1.85E-04 0.45 2.6 50 
Jul-90 56 1.2 4.5 1.85E-04 0.45 2.6 50 
(a) From USGS (1974); (b) Calculated; (c) According to McWhorter and Sunada (1977); (d) For silt and clay particles 
(Das, 2008) 
4.2.5. Determination of model parameters  
There are no point source discharges of BOD along the Amite River. Therefore, the elevated 
BOD level in the Amite River is attributed to nonpoint source discharges of BOD from the 
watershed during rainfall events. Nonpoint source BOD loading was obtained in chapter three by 
using HSPF watershed modeling for the Amite River watershed.  As mentioned earlier in chapter 
three, the HSPF model is a spatially distributed and temporally continuous watershed model and 
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it can simulate the daily time-series of hydrologic and water quality processes. Observation data 
collected by the USGS from the Amite River at Denham Springs and Port Vincent are used to 
calculate and calibrate flow discharge, instream temperature, and instream DO concentration in 
chapter three. The BOD concentration corresponding to the calibrated model is considered as 
watershed loading of BOD to the Amite River. Figure 4.4 (a repetition of Figure 3.9) shows time 
series of simulated BOD concentration for January 1990 and July 1990, respectively. 
 
Figure ‎4.4- BOD Input from Amite River watershed: a) for January 1990; b) for July 1990 
 
A recent report issued by Louisiana Department of Environmental Quality (LDEQ) on total 
maximum daily load (TMDL) for the Bayou Manchac (a tributary of the Amite River, as shown 
in Figure 4) used a BOD concentration of 11.3 mg/l (BOD1 and BOD2) for the Bayou Manchac 
according to 3 days (June 5, 6, and 7 in 2007) of BOD data collected from the Bayou Manchac in 
2007 (LDEQ 2010). Obviously, the observed BOD level in the Bayou Manchac was much higher 
than the simulated BOD level in 1990 in the Amite River. The difference between the BOD 
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levels in the Bayou Manchac and the Amite River may be attributed to the change in land use 
and land cover during the period of 1990 - 2007. In order to understand the effect of uncertain 
BOD loading on simulated DO concentration, a sensitivity analysis is conducted for various 
BOD loading rates to the Amite River.   A SOD value of 0.16 g/m
2
/day was recommended for 
the Amite River system by LDEQ (2010). This value is also used in the VART-DOS model for 
simulation of DO concentration along the Amite River in January and July of 1990. In addition, a 
high SOD value of 3.5 g/m
2
/day is also employed in the sensitivity analysis to examine the 
impact of high SOD, which is typically associated with combined sewer overflow (Chapra, 1997; 
Motta et al., 2010), on DO simulation results. The parameters α and m in Eq. (6) are determined 
through model calibration. More specifically, the parameters α and m are calibrated by using the 
Amite River data in January 1990 and the calibrated values for α and m are 5.5 and 9, 
respectively. The calibrated constant values for parameters α, β, and m are then used for DO 
simulations for July 1990. 
4.2.6. Sensitivity Analysis of VART-DOS Model 
Since this study focuses on the effect of sediment resuspension on instream DO reduction, a 
sensitivity analysis is performed primarily for VART-DOS model parameters related to sediment 
resuspension terms under two scenarios: with and without sediment resuspension. The sensitivity 
of simulated DO to other model parameters was presented in the second chapter. Results of 
sensitivity analysis for sediment-related parameters, including sediment settling velocity, 
sediment porosity, depth of bottom sediment, and flow discharge are presented in Table 4.2. It is 
clear from Table 4.2 that DO is sensitive to flow discharge. Sediment resuspension increases 
with increase in flow discharge. Consequently, effect of storage zone and hyporheic exchange 
becomes minimal in such environments. The sensitivity of simulated DO to settling velocity, 
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porosity, and bottom sediment depth depends on the variation range of parameter value. The DO 
is not sensitive to the variation of the parameters in some ranges. Beyond the ranges, the 
parameters may considerably affect the DO concentration. A 20% increase in β (effect of 
temperature in Eq. (4)) value can significantly affect instream DO with up to 4 times of variation 
due to proposed power equation. 
Table ‎4-2- Sensitivity analysis of sediment resuspension parameters 
Parameters 
With 20 % increase 
of parameter change 
With 20% decrease of 
parameter change 
  Percent change in DO 
Settling Velocity (Ws)

 -1% 32% 
Sediment Porosity (λ) -1% 20% 
Depth of Bottom Sediment (Hb) 24% -2% 
Flow Discharge (Q) -17% 79% 

 Change in settling velocity is due to change in particle size. 
 
The sensitivity of simulated DO to BOD and SOD terms is summarized in Table 4.3. It can 
be seen from Table 4.3 that while the simulated DO is not sensitive to BOD and SOD variations, 
the incorporation of sediment resuspension in the VART-DOS model can markedly reduce the 
root mean square error of the model. Without incorporating sediment resuspension effect ( =0), 
all nRMSEs of simulations are high and vary in a relatively wide range of 0.76 – 1.36. A ten-
time increment in watershed BOD input only reduces the nRMSE by maximum14% when SOD 
is 3.5 g/m
2
/day.  Increasing SOD from 0.16 g/m
2
/day to 3.5 g/m
2
/day reduces instream DO by 
36%. When sediment resuspension effect is incorporated into the VART-DOS model ( ≠0), the 
nRMSEs for different BOD and SOD combinations become relatively low and vary in a narrow 
range of 0.19 – 0.23, indicating the importance of sediment resuspension to instream DO 
fluctuations. This means that sediment resuspension is a dominant mechanism responsible for 
DO variations in the Amite River. In fact, 83% of DO reduction can be attributed to sediment 
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resuspension when SOD= 0.16 g/m
2
/day while 75% of DO reduction is due to sediment 
resuspension when SOD = 3.5 g/m
2
/day. 
Table ‎4-3- Effects of BOD and SOD on DO change along the Amite River 
Watershed BOD          
(mg/L) 




Without               
sediment 
resuspension 
With            
sediment 
resuspension 
    
Normalized Root-Mean-Square 
error 
Time series in Figure 4b 0.16 1.36 0.23 
10×Time series in Figure 4b 0.16 1.23 0.21 
Time series in Figure 4b 3.5 0.89 0.21 
10×Time series in Figure 4b 3.5 0.76 0.19 
 
4.3. Applications of VART-DOS model to Amite River 
The Lower Amite River (sub-segment 040303) was on US EPA’s 2006 Impaired Water 
303(d) list because it was “not supporting” its designated use of Fish and Wildlife Propagation 
(Deng and Patil, 2011). The Lower Amite River was impaired for dissolved oxygen, 
nitrate/nitrite, chlorides, and total phosphorus. Suspected causes of impairment were organic 
enrichment/oxygen depletion and nutrients. The Amite River was subsequently scheduled for the 
development of TMDL for several water quality parameters including DO. The proposed VART-
DOS model was applied to the Lower Amite River between Denham Spring and Port Vincent. 
To understand the effect of sediment resuspension on DO concentration, the model was run for 
the winter month January and the summer month July of 1990, respectively. The DO data 
observed monthly at Denham Springs was used as the upper boundary condition. USGS flow 
data were used to run and calibrate HSPF model. The calibrated HSPF model was employed to 
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generate daily data for DO at Denham Springs. Patil and Deng (2010) used HSPF model to 
obtain daily DO data for Port Vincent station (Figure 4.3).  
By using equation (7), the erosion rate in the Amite River was defined to have the maximum 
value of 0.11 on July 13 of 1990. According to Fig. 4.1, there were also other occasions that 
erosion rate increased as flow discharge increased showing direct correlation between erosion 
rate and flow discharge. However, the erosion rate did not reach the maximum of 0.11 on July 13 
in 1990. For the rest of the time during July 1990, the erosion rate had the minimum value of 
0.03. As mentioned, the high erosion rate of July 13, 1990 caused organic-rich materials of river 
bed to suspend in water column and consume DO according to equation 6. Figures 4.5 and 4.6 
shows a comparison of DO concentrations simulated using the VART-DOS model and observed 
at the Port Vincent in January and July 1990. It can be seen from Figure 4.5 that in the January 
the simulated DO concentration matches the observed one reasonably well with an nRMSE value 
of 0.42. In addition, there is no significant longitudinal variation in DO level from the Denham 
Springs to the Port Vincent. Figure 4.6 indicates that the DO level simulated using the VART-
DOS model is able to capture the overall variation trend in the observed one with a relatively 
small nRMSE value of 0.23. The DO variation is highly affected by high flow-induced sediment 
resuspension. Figure 4.6 also shows that the DO level drops significantly from the Denham 
Springs to the Port Vincent on July 13, 1990, illustrating the cumulative effect of DO 
consumption along the Amite River due to sediment resuspension. However, there are a couple 
of points in Figure 4.6, where simulated DO concentrations do not fit observed ones well. For 
instance, the simulated DO level was dropping while observed DO level was rising around July 
29, 1990. Such contradictory variation can be attributed to effects of some other factors, which 
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were not considered in the model, such as non-uniform particle size and thus non-uniform 
erosion.   
The simulation results shown in Figure 4.6 confirm that the low summer DO level in the 
Port Vincent is caused by sediment resuspension. When sediment resuspension term is 
incorporated into numerical modeling ( ≠0), the simulated DO concentration in the Amite River 
generally follows the variation trend in the observed data with fairly small nRMSE. Obviously, 
the effect of sediment resuspension on DO is significantly enhanced by high temperature in 
summer. High temperature in combination with sediment resuspension exaggerates the 
decomposition of the organic matter in sediment and thereby accelerates oxygen consumption in 
water column and subsequent DO drawdown. 
 






Figure ‎4.6- DO change at Port Vincent for July 1990 
 
4.4. Comparison of VART-DOS with other DO models and main 
contributions of this chapter 
In order to understand new contributions from this chapter, it is important to understand the 
difference between the VART-DOS model and other widely used dissolved oxygen models such 
as Streeter-Phelps and water quality analysis simulation program (WASP).  
 
(1) VART-DOS model presented in this chapter is a simplified version of the general model 
VART-DO-3L (presented in Chapter 5) that includes major processes responsible for 
exchanges of DO at the air-water interface and water-sediment interface, mixing in water 
column through dispersion, and reactions such as BOD degradation. Unlike VART-DO-3L, 
in VART-DOS exchange of DO at water sediment interface is considered by the lumped 
term SOD. However, VART-DOS has an additional term that represents sediment 
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resuspension effect on DO variation. In fact, this sediment resuspension term relates the 
reduction of DO in water column to the erosion rate of solids/particles in river bed and 
includes the lumped effect of processes and reactions that consume DO in bottom sediment 
(i.e. carbonaceous and nitrogenous BOD accumulation, existence of reduced metal ions). 
Such simplification/idealization is unavoidable, because detailed data of all affecting 
processes are rarely available.   
(2) VART-DOS is an intermediate model that is capable of modeling DO by accounting for 
sediment resuspension. Based on simple pioneer Streeter-Phelps model, when velocity 
increases as the result of flood event, reaeration intensifies leading to higher dissolved 
oxygen concentration. In favor of simplicity, Streeter-Phelps model does not consider all 
important processes and thus is unable to capture the dominant processes correctly. On the 
other hand, widely used water quality analysis simulation program (WASP) model requires 
determination of 29 parameter data and identification of 90 coefficients for defining 
sediments/solids’ impact on DO variations. For other processes like nitrification, BOD 
degradation, and algae effects, WASP still needs additional data to parameterize which is 
not readily available. Besides, WASP model requires time series settling velocity to 
calculate suspension of bottom particles. In most of the cases, detailed data for defining 
theses modeling parameters and additional variables are rarely available. Thus, VART-DOS 
model with 24 modeling parameters is a relatively simple model. In addition, it lumps the 
adverse DO consuming processes in the coefficient ( ) which is a function of erosion rate 
of bottom solids/particles, settling velocity of particles, porosity of particles, depth of 




This chapter presents a simple yet effective model, called VART-DOS model, for simulation 
of instream DO transport, DO exchanges across water-sediment and water-air interfaces, and DO 
variation in response to sediment resuspension. The objectives and originality of present study 
can be summarized as: 
1) For many rivers like the Amite River in this study, frequent flood events can have significant 
effect on reducing DO concentration due to sediment resuspension. Thus, quantifying the 
amount of oxygen that consumes as a result of sediment resuspension should be included in 
mathematical modeling beside the usual mechanisms such as SOD and BOD degradation.   
2) The dependency of DO changes to temperature was considered in the additional term that 
represents sediment resuspension-induced DO reduction. It is an important feature and 
enables VART-DOS to be used for both hot and cold weather condition. 
3)  For simulation of DO by VART-DOS, flow discharge, DO concentration, and daily 
temperature were the only observation data that needed. Modeling parameters of VART-
DOS are less than the parameter of widely used model WASP or modeling framework 
introduced by Motta et al. (2010) for studying sediment resuspension effect on DO. VART-
DOS parameters can be determined using appropriate equations in the text (i.e., Eq. (13) is 
used for obtaining dispersion coefficient), using reference values from literature (i.e., KD is 
0.2 d
-1
 (Rosman, 2006)), or by calibrating VART-DOS (i.e., Aadv., α, and m). So, VART-
DOS can be implemented for any river.  
4) VART-DOS was employed for DO simulation along the Amite River. Results show that 
simulated DO and observed data match satisfactorily; nRMSE was 0.42 for January 1990 and 
74 
 
0.23 for July 1990. The results also confirmed that sediment resuspension can cause up to 
83% reduction in DO concentration. 
5) When sediment resuspension effect develops, storage zone effect and hyporheic exchange 
(like other processes) becomes negligible. However, for small flow discharge and before 
sediments become fully suspended, DO change is affected by hyporheic exchange as 
examined by VART-DO. Thus, VART-DOS accommodates different processes in simulation 
of DO. 
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CHAPTER 5                                                                                                  
MODELING SPATIAL VARIATIONS IN DISSOLVED OXYGEN IN FINE-
GRAINED STREAMS UNDER UNCERTAINTY  
5.1. Introduction 
Urbanization and agricultural development have produced increasing discharges of nutrients 
and oxygen-consuming pollutants, such as Biochemical Oxygen Demand (BOD), to streams 
(Cox, 2003; Corsi et al., 2011), causing nutrient enrichment in streams and particularly lowland 
streams with fine-grained sediment (primarily clay and silt < 63 m) (Zahraeifard and Deng, 
2012a; Deng and Patil, 2011; Todd et al. 2009; Parr and Mason, 2004; Owens and Walling, 
2002) as discussed in chapter four. The fine-grained streams are generally characterized by a 
fluid mud (fluff or flocculent) layer or surficial fine-grained sediment lamina as the interface 
between relatively consolidated stream bed-sediment and overlying stream water (Droppo and 
Stone, 1994; McAnally et al., 2007; Kleeberg et al., 2008; Garcia 2008). The flocculent layer has 
been found to serve as a reactor especially in nutrient enriched streams (Westrich and Förstner 
2007), causing significant exchange of solutes (nutrients, contaminants, dissolved oxygen, and 
temperature) across the sediment-water interface. The exchange controls nutrient uptake and 
retention (Jung and Deng, 2011; O'Connor and Hondzo, 2008) and dissolved oxygen distribution 
(Hondzo et al., 2005; Taylor et al., 2003; Sweerts et al., 1991) in streams. Extensive efforts have 
been made to understand mass exchange across the sediment-water interface in nutrient enriched, 
fine-grained streams (Westrich and Förstner, 2007).  
Stone and Droppo (1994) investigated chemical characteristics and formation of surficial 
fine-grained laminae (SFGL) in three south-western Ontario rivers in Canada. They found that 
the formation of SFGL is a complex process resulting from a range of physical, chemical and 
biological variables interacting at a variety of spatial and temporal scales within and out of the 
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river channel. Westrich and Förstner (2007) presented an overview of the state-of-the-art on the 
formation and stability of sediment-water interface and mass fluxes across the interface in fine-
grained streams. Despite the importance of the flocculent layer to the transport, transformation, 
and fate of nutrients and pollutants in nutrient-enriched streams, very few models are available 
for simulation of mass fluxes across the flocculent layer.   
The transient storage model has been widely used for simulation of hyporheic exchange in 
rivers (Bencala and Walters, 1983; Runkel, 1998). Basically, the transient storage model is only 
applicable to gravel and sandy rivers where mass fluxes across the sediment-water interface are 
primarily driven by advective transport. The mass exchange across the sediment-water interface 
in fine-grained streams is highly affected by diffusive fluxes. Higashino et al. (2004) presented a 
boundary layer-based model for simulation of unsteady diffusive mass transfer across the 
sediment-water interface. While the model was novel, it is only applicable to stagnant water 
bodies without the flocculent layer. In chapter four, a new model was proposed, called VART–
DOS model, for simulation of instream DO transport, DO exchanges across water–sediment and 
water–air interfaces, and DO variation in response to sediment resuspension based on the VART 
model (Deng and Jung, 2009) and an early version of VART–DO model proposed in chapter 
two. While the VART-DOS model included the effect of diffusive mass exchange on instream 
DO, the diffusive layer was not explicitly included in the model. As a result, the VART-DOS 
model is unable to produce the vertical profile of DO in the bottom sediment. In fact, most 
existing models are incapable of simulating both vertical and longitudinal variations in DO in 
fine-grained streams while understanding of the spatial variations in DO is essential to the 
management and restoration of impaired streams. 
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The overall goal of this paper is to develop a new model for simulation of vertical and 
longitudinal variations in DO in fine-grained streams at daily time-scale. It means that diurnal 
variation in DO will not be considered in this paper. Due to diverse spatial scales involved in DO 
variations and associated variability and uncertainties in model input parameters, specific 
objectives of this paper are (1) to present a new model including various physical and 
biogeochemical processes responsible for DO variations in fine-grained streams, (2) to examine 
the sensitivity of model parameters to identify sensitive parameters, (3) to simulate and analyze 
various cases representing the variability and uncertainty in model parameters, and (4)  to apply 
the model to the Lower Amite River in Louisiana, USA to test the performance and demonstrate 
a practical application of the new model.  
5.2. Materials and Methods 
5.2.1. Study River Reach – Lower Amite River 
The Amite River watershed is located in southeastern Louisiana, USA and it encompasses a 
drainage area of approximately 3435 km
2
 (Deng and Patil, 2011), as shown in Figure 6.1. The 
Amite River flows generally southwestward to Lake Pontchartrain estuary that is connected to 
the Gulf of Mexico. The Lower Amite River downstream of the Denham Springs station and 
particularly the Port Vincent station is affected by tides. Therefore, the Lower Amite River is a 
typical fine-grained coastal river with 81.9% of bed sediment being finer than 62 m and 100% 
of bed sediment being finer than 1 mm at the Port Vincent station. While no sediment data are 
available for the Denham Springs station, the sediment composition for the Denham Springs 
station should lie between the Port Vincent and the Magnolia stations. It was observed in 
September 2008 at the Magnolia station (Figure 6.1) that 88.2% of bed sediment being finer than 
0.5 mm and 100% of bed sediment being finer than 1 mm. The fine sediment accounts for 96% – 
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100% and 62% – 93% of suspended sediment at the Port Vincent and Magnolia stations, 
respectively. The maximum suspended sediment concentration observed in the Lower Amite 
River exceeded 2200 mg/L, creating favorite environment for the formation of flocculent layer or 
surficial fine-grained sediment lamina during the recession period of flood event and following 
low flow period.    
 
Figure ‎5.1- Map of Amite River watershed showing the study reach from Denham Springs to 
Port Vincent 
 
Current land use in the Amite River watershed is characterized by hardwood forest in the 
north and agriculture (60%), forest (26%) and urban (12%) in the south (Figure 5.2). The 
southern part of the Amite River watershed has experienced significant changes in land use/land 
cover and water quality over the past six decades. As a result, the Lower Amite River 
(Subsegment 040303) is on US EPA’s 2006 Impaired Water 303(d) List because it was “not 
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supporting” its designated use of Fish and Wildlife Propagation. The Lower Amite River is 
impaired for DO and nutrients due to organic enrichment. The Lower Amite River was 
subsequently scheduled for the development of a Total Maximum Daily Load (TMDL) for DO. 
The development and implementation of the TMDL requires understanding of spatial variations 
in DO. The requirement initiated this study. 
 
 
Figure ‎5.2- Land use and land cover in the Amite River watershed 
 
5.2.2. Triple-Layer Conceptual Model for Instream DO Fluxes and Processes 
Various physical and biogeochemical processes responsible for DO fluxes involved in fine-
grained streams can be conceptually described using the following triple-layer model, as shown 
in Figure 5.3. A stream with fine-grained sediment is vertically divided into three layers, 
including overlying water column, an advection-dominated storage zone (flocculent layer), and a 
diffusion-dominated storage zone in relatively consolidated stream bed-sediment. Processes 
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responsible for daily DO variations in water column layer include the reaeration at the air-water 
interface, the exchange at the overlying water-sediment (flocculent layer) interface (transient 
storage), BOD degradation, and longitudinal advection and dispersion. It is assumed that DO 
level in the water column is uniform. It means that depth-averaged DO concentration is 
employed for water column. 
A novel feature of the triple-layer model is the incorporation of flocculent layer into DO 
exchange and reaction processes. Observations have demonstrated that suspended fine-grained 
sediment particles often adhere to each other because of their charged behavior and transport 
commonly in the form of flocs/aggregates in streams and especially coastal rivers with 
suspended sediment concentration being higher than 500 mg/L (Ganaoui et al., 2007; Hulbert et 
al., 2002). Settling of the flocs generally produces a fluid mud (flocculent) layer or surficial fine-
grained (muddy) sediment lamina as the interface between relatively consolidated stream bed-
sediment and overlying stream water. Therefore, the flocculent layer represents the most recently 
deposited material with a thickness of up to 8 mm (Droppo and Amos, 2001) and is often 
manifested as a stationary fluid undergoing primary consolidation. It is often transient, forming a 
temporary, low-density, high organic and water content blanket over the existing streambed 
between flood/erosion events. Much of the sediment forming the flocculent layer is deposited in 
a flocculated state with relatively uniform concentrations of DO, nutrients, and contaminants. 
The porosity and vertical thickness of flocculent layer may decrease with time and bulk density 
increases accordingly, causing high uncertainty in the structure and thereby modeling of 
flocculent layer. Since the flocculent layer is formed due to floc settling (advection) of 
suspended sediment in water column, it is assumed that the DO exchange between the overlying 
water column and the flocculent layer is dominated by advective transport (transient storage-
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release). The DO exchange between the flocculent layer and the relatively consolidated stream 
bed-sediment is assumed to be controlled by diffusive transport. In addition to the physical 
processes, reactions may also take place in the flocculent layer. In fact, the flocculent layer has 




Figure ‎5.3- (a) Vertical profile of a typical streams including water column, advection-dominate 
storage zone and diffusion-layer and (b) Longitudinal profiles and the processes that affect DO 
changes 
 
While the flocculent layer behaves like noncohesive sediment, the stream bed-sediment 
layer is relatively consolidated and characterized by much higher critical shear stress than that of 
the flocculent layer (Ganaoui et al. 2007). Therefore, DO variations in the bed-sediment are 
affected primarily by the diffusive DO exchange between the flocculent layer and the bed-
sediment, and Sediment Oxygen Demand (SOD). Previous studies and models on instream DO 
generally focused on this layer and its interaction with the water column layer (Higashino, 2011; 
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Higashino and Stefan, 2011; Arega and Lee, 2005; Steinberger and Hondzo, 1999). Therefore, a 
mathematical model describing DO exchange across the three layers is needed for simulation of 
DO variations in fine-grained streams.  
5.2.3. Mathematical Model for Spatial Variations in DO: VART DO-3L Model 










































































                                                                                                               (3) 
where C = DO concentration in water column [ML
-3
], CF = DO concentration [ML
-3
] in the 
flocculent layer, Csat = saturation concentration of DO, U = average flow velocity [LT
-1
] along x 




], t = traveling time [T], K1 = 
biochemical oxidation rate of carbonaceous materials [T
-1
], L = BOD concentration [ML
-3
] in the 
water column, K2 = reaeration coefficient [T
-1
], A = cross-sectional area of stream channel [L
2
], 
Aadv = advection-dominated storage zone (flocculent layer) area [L
2
] with the thickness of δadv 
[L], Adif = diffusion-dominated storage zone (stream-bed sediment) area [L
2
] with the thickness 
of δdif, As = Aadv + Adif, TV = residence time [T] in the storage zone, De = effective diffusion 
coefficient in the bottom sediment layer, Pws = wetted perimeter of stream channel, R = lumped 
reaction term representing SOD in the flocculent layer, and µo = lumped reaction term denoting 
SOD in the bottom sediment. Eqs. (1) - (3) are derived following the similar procedure presented 
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in Deng and Jung (2009). The second term on the right hand side of Eq. (2) is essentially a 
boundary condition. Eqs. (1) – (3) are the mathematical description of the conceptual triple-layer 
model, called VART DO-3L, for simulation of spatial and temporal variations in DO in fine-
grained streams. The VART DO-3L model is a new development of VART series of models 
(Zahraeifard and Deng, 2012a and 2012b; Ghimire and Deng, 2012; Deng et al., 2010; Deng and 
Jung, 2009).  
To solve Eq. (3), the boundary condition of Cs (1,t) = CF(i) is considered at the interface 
between the flocculent layer and the bottom sediment, where i refers to numerical node number 
along the river reach. Another boundary condition is 0y/Cs  y . Practically, the lower 
boundary or the DO penetration depth (δdif) can be determined following the method presented 
by Deng and Jung (2009), who defined the diffusion dominated storage zone area as:  
Adiff = 4Dets                                                                                               (4) 
in which  = 3.14 and ts = the time [T] since solute (including DO) release from the storage zone 
to the mainstream. The time ts can be substituted with the minimum residence time (TV) for the 
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where H = stream water depth. Eq. (5) can be utilized to provide a reference value for DO 
penetration depth, depending on the effective diffusion coefficient and TV. Based on the value of 
δdif, the lower boundary for the diffusive bottom sediment layer can be defined for the numerical 
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where )2(1nsC is DO concentration at a grid point in the diffusion dominated bottom sediment 
layer and is calculated using the following discretized form of Eq. (3):  
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1                                                  (8) 
Eq. (8) can be solved for )2(
1n
SC  at any node in the longitudinal flow direction. Eq. (6) is then 
solved to obtain the DO concentration CF in the flocculent layer. To determine the DO 
concentration in the water column, Eq. (1) is discretized following the split-operator method 
present in Deng et al. (2010). 
5.2.4. Estimation of VART DO-3L Model Parameters  
The VART DO-3L model involves multiple parameters and requires values for each 
parameter. The average flow velocity U can be determined using tracer test data or flow 
discharge and channel cross-section area A. The longitudinal dispersion coefficient Ex can be 
estimated using the method presented by Deng et al. (2001). The area ratio (As/A) and the 
residence time TV for gravel or sandy rivers are usually determined using tracer test data (Chapra 
and Runkel, 1999; Deng and Jung, 2009; Deng et al., 2010; O’Connor et al., 2010) or the 
published As/A value for a similar river in the literature. However, tracer test data were rarely 
available for streams with fine-grained sediment. As a result, the parameters, As/A and TV, are 
highly uncertain and the uncertainty should be taken into account in simulating DO using the 





as used by Higashino et al. (2004). Rosman (2006) reported the value of 3.55×10
-6





C. O’Connor and Harvey (2008) introduced the following scaling relationship in Eq. (9) for 
















                    
for
for















                                (9) 
where Pek
 
is permeability Péclet number; Re* is the shear Reynolds number; and mD is a 
generalized molecular diffusion coefficient in bottom sediment by considering porosity and 
tortuosity. Péclet number and shear Reynolds number are calculated as: 
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in which u* is shear velocity [L/T]; v  is kinematic viscosity [L
2
/T]; ks is roughness height of 










                                                    (12) 
where θ is porosity of sediment and dg is geometric mean particle size of bottom sediment. The 
parameter mD  is defined as mD = βDm in which Dm is molecular diffusion coefficient. The 
parameter β is calculated as: 
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1996 and DiToro, 2001). The roughness height ks was found to vary from 1 - 65 mm for silt and 
20 - 400 mm for clayey sediment (Hosia, 1980). Due to uncertainties involved in the parameters 
in Eqs. (9) – (13), the effective diffusion coefficient De also varies in a wide range (Deng et al., 
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2010). Based on sediment characteristics of θ = 0.4, and ks= 8.4 mm for the Amite River at 




/s). The effective diffusion 





according to sediment characteristics of dg = 0.009 mm, θ = 0.8, and ks= 25.5 mm. 
There are three reaction terms/parameters in Eqs. (1) – (3), including K1L, R, and μo. The 
BOD concentration L in Eq. (1) was the BOD loading from the Amite River watershed obtained 
in chapter three. The parameter L is a time-dependent variable ranging from 0.15 mg/L to 1.05 
mg/L with the average of 0.6 mg/L based on the simulation results (LHSPF) from the HSPF 




C. With temperature correction factor θD 









C) in the Amite River. The parameter R in Eq. 2 is a lumped sink term, 
representing various reactions that consume DO, such as BOD degradation in the flocculent 
layer. Detailed data for quantification of R are hardly available due to the dynamic nature of the 
flocculent layer. Therefore, the parameter R is highly uncertain and may vary in a wide range. To 




 for several 
cases. The reaction term, μo, denotes sediment oxygen demand (SOD) due to biological activity 








 (Higashino et al., 2004). Due to uncertainties 
involved in the model input parameters, it is important to conduct a sensitivity analysis and 
identify sensitive parameters so that more efforts could be put into the determination of the 
sensitive parameters.  
5.2.5. Sensitivity Analysis of Model Input Parameters 
There are two types of sensitivity analysis: local sensitivity analysis and global sensitivity 
analysis (Sobol, 1993; van Griensven et al., 2006). The global sensitivity analysis, more 
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specifically Sobol global sensitivity analysis, is utilized in this paper. The global sensitivity 
analysis focuses on the pattern of change in model output due to change in model input 
parameters over a potential variation range of parameter value rather than a single parameter 
value. As a result, the global sensitivity analysis is able to show the relative importance of 
individual model input parameters more reasonably as compared with the local sensitivity 
analysis (van Griensven et al., 2006). 
Sobol global sensitivity analysis is a variance-based Monte Carlo technique (Sobol, 1993; 
Fesanghary et al., 2009; van Griensven et al., 2006). If Y= f(x1, x2, x3, …, xk) is the model 
equation with x1, x2, x3, …, xk being the input parameters or variables and Y being the model 
output, the total variance of Y can be formulated as follows: 









...)(                                                 (14) 
where V(Y) is the total variance of the output variable Y; Vi measures the effect of parameter xi; 
and other terms describe effects of mutual interaction.  Decomposition of Eq. (14) yields two 
types of sensitivity indices defined as: 
                                                         
)(YV
V
S ii                                                                     (15) 






                                          (16) 
 where Si is the first-order sensitivity index for the i-th parameter and STi refers to total sensitivity 
index for the i-th parameter. The index Si includes the main effect of parameter xi on the output 
variable (Y).  It shows the variance reduction that would be achieved by fixing that parameter. 
The magnitude of Si indicates the importance of the i-th parameter. This is called Factor 
Prioritization (FP) setting (Saltelli et al. 2004). The parameter V-i depicts the sum of all variance 
terms that do not include the index i. The index STi is the sum of all effects due to involvement of 
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parameter xi. The index STi accounts for the interaction between i-th parameter and other 
parameters. This can be considered as the expected portion of variance that would be left if 
parameter xi is the only parameter that remains undetermined. The index STi is useful for 
reducing the number of model input parameters. When a parameter does not have any effect both 
on its own and on other parameters, it is considered as a non-influential parameter and can be 
fixed at some values in its variation range. This is called Factor Fixing (FF) setting (Saltelli et al., 
2004). Sobol sensitivity analysis can be conducted by using the Monte Carlo method (Homma 
and Saltelli, 1996). The basic idea behind the Monte Carlo method is to generate randomly 
sampled modeling parameters in their defined ranges, followed by estimation of V(Y), Vi, and V-i.   
To apply the Sobol global sensitivity analysis to the Amite River, seven model input 
parameters closely related to SOD are selected for the sensitivity analysis, including As/A, TV, 
De, µo, R, K1, and L. The relative size of storage zone (As/A) for sandy and gravel rivers and 
streams was reported to vary in a wide range from 0 in the Uvas Creek (Deng and Jung, 2009) to 
3.14 in the Little Topashaw Creek (Stofleth et al., 2007) with majority of As/A values being less 
than 0.5. By plotting a histogram for published As/A values and using the distribution fitting 
software EasyFit, it is found that the variation pattern of As/A can be best fitted with a lognormal 
distribution as shown in Figure 5.4.  It is assumed that the variation of As/A for fine-grained 
streams also follows the lognormal distribution. The lognormal probability density function 
(PDF) is then employed for Monte Carlo sampling of As/A.   
Residence time, TV, is generally dependent on flow conditions, size of storage zone, and 
reactions of constituent in streams. Various tracer injection experiments were conducted to 
determine the residence time (Tong and Deng, 2013; Nordin and Sabol, 1974). Figure 5.5 
indicates a lognormal PDF for residence time TV for conservative tracers. It can be seen from 
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Figure 5. 5 that residence time can be as high as 63 hours for Missouri river (Chapra and Runkel, 




Figure ‎5.4- Probability density function for storage zone size 
 
 




The SOD depends on oxygen transfer (diffusion) from water column to the stream-bed 
sediment where microbial and chemical reactions cause the consumption of DO (Higashino et 
al., 2004). Therefore, µo (lumped reaction term), K1 (oxidation rate of BOD), and De (effective 
diffusion coefficient) affect the SOD and they are thus included in the sensitivity analysis. 
Uniform distributions are used as PDFs for μo, K1, and De. Monte Carlo method is used to sample 
the model input parameters using their PDFs. Then, the sensitivity indices are calculated using 
Eqs. (15) and (16).   
5.2.6. Computation of Sediment Oxygen Demand (SOD) 
Sediment Oxygen Demand (SOD) is needed in determining waste load allocations for 
developing Total Maximum Daily Loads and issuing NPDES (US National Pollutant Discharge 
Elimination System) permits. It is therefore important to understand SOD variation along the 
Lower Amite River.  The SOD can be estimated following the method presented by Higashino et 
al. (2004) by considering the oxygen balance in the relatively consolidated bottom sediment. For 









SOD os                                                  (17) 
where the lumped reaction term (μo) is usually replaced with Michaelis-Menten equation. Then, 

















s                                          (18) 
where 
2O
K  is the half-saturation coefficient for DO and μ is the biological reaction rate in 
sediment. It should be pointed out that the flocculent layer was not considered in the derivation 
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of Eq. (17). A revision to Eq. (17) is therefore needed to include the SOD in the flocculent layer 
in the computation of total SOD. To that end, Eq. 17 is extended as:  
























                                (19) 
Eq. (19) is numerically implemented by discretizing the right hand side of the equation. The 
SOD for each computational node i along the flow direction at a given time (day) n can be 
calculated using Eq. (20).  


























                             (20) 
It is clear from Eq. (20) that the SOD depends on DO concentration in both sediment layers (CF 
and CS), layer thickness (δadv and δdif), and the reaction (R and μo).  
5.3. Results  
5.3.1. Sensitivity Analysis Results 
Calculated sensitivity indices for model input parameters are plotted in Figures 4.6 and 4.7. 
According to the first order sensitivity indices shown in Figure 5.6, the most sensitive parameter 
is the relative size of storage zone (As/A) or the relative thickness (δadv+δdif)/H. This result is 
easily understood since the thickness (δadv+δdif) controls SOD (Eq. (20)) and thus instream DO. It 
appears from Figure 5.6 that the second most sensitive parameter is the watershed BOD loading 
rate L, followed by μo, TV, and K1. It is also clear from Figure 5.6 that the parameters De and R 




Figure ‎5.6- First order sensitivity indices based on DO data from first six days of July 1990 
 
Calculated total sensitivity indices shown in Figure 5.7 further confirm that the parameter 
(As/A) or (δadv+δdif)/H has the greatest effect on simulated instream DO, followed by the three 
reaction parameters L, μo, and R. It is interesting that the parameter R is sensitive according to the 
total sensitivity index while it is insensitive according to the first-order sensitivity index. It 
appears that the result from the total sensitivity analysis is more reasonable as compared with 
that from the first-order sensitivity analysis. The least sensitive parameters are K1, De, and TV. As 
a result, the three insensitive parameters can be fixed at a value in their variation ranges without 
causing significant errors in simulated DO concentration in the water column. To that end, K1 
value is set to 3.2×10
-6
 (1/s) for 28
o




/s) based on the 
average porosity of 0.65. Although TV does not cause any significant change in DO 
concentration in water column, it has great impact on DO concentration in the flocculent layer 
and DO profile in the diffusive bottom sediment layer. Thus, appropriate TV value should also 
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yield a reasonable DO concentration profile in the diffusive sediment layer. Such a DO profile 
should be consistent with findings from previous studies about penetration depth (δdif).  
 
Figure ‎5.7- Total sensitivity indices based on DO data from first six days of July 1990 
 
For the present study, TV value is varied from 0.05 hours to 1.5 hours based on extensive 
simulation results, producing the DO penetration depth of 0.12 to 3.93 mm in bottom sediment, 
depending on the value of De and TV. Unlike tracer materials or constituents such as nutrients 
that may accumulate in storage zone and get back to the main stream at later time and thus have 
relatively large residence time, dissolved oxygen would be promptly consumed as it reaches 
organic materials in bottom sediment. Benjamin (2010) mentioned that dissolved oxygen is one 
of the major oxidant in aquatic environments. As a result, it is expected to have relatively small 
residence time. In other words, a long residence time means that DO remains in the stream for a 
long time and therefore travels a long distance with flow. As a result, DO level in a downstream 
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reach should be similar to that in the upstream reach. This situation rarely happens in the Lower 
Amite River. 
It can be seen by combining the results of both the total sensitivity analysis and the first-
order sensitivity analysis that DO concentration in water column is sensitive to the parameters 
As/A or (δadv+δdif)/H, L, μo, and R. In order to consider effects of uncertainty in the sensitive 
model parameters on simulated DO concentration in water column, various cases are selected 
and DO simulations are performed for individual cases. The cases are determined according to 
variation ranges of the sensitive parameters, possible DO penetration depth (δdif), and least 
Normalized Root Mean Squared Error (nRMSE).  
5.3.2. Simulation Results for DO under High R Value Cases (Scenario 1) 
Table 5.1 summarizes simulation results under the high R vale cases. Simulated DO 
concentrations in water column and bottom sediment vary primarily in response to variations in 
the sensitive parameters. If the lumped reaction term (R) in the flocculent layer is set to be as 




, L = LHSPF (a time series), and As/A = 0.15, the DO in water column reduces 
from 7.9 mg/l at Denham Springs to as low as 2.85 mg/l at Port Vincent, depending on the value 
of μo. 
The nRMSE between simulated DO levels and observed DO data in water column is 0.62 













), respectively. Accordingly, DO penetration depth (δdif) increases 









). Effects of increasing BOD loading L (> LHSPF) from watershed on simulate 
DO are shown as cases 6, 7, and 8 in Table 1. It is clear from Table 1 that both nRMSE and δdif 
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, increasing L raises nRMSE. Thus, optimum nRMSE is obtained when L = LHSPF.   
As As/A reduces from 0.15 to 0.1, nRMSE increases from 0.62 to 0.75 but δdif remains 
unchanged (Case 1 in Table 1). If L > LHSPF is also implemented for this case, the nRMSE 
reduces to 0.61 (Case 2 in Table 1). When As/A increases to 0.25, simulated DO concentration in 









, nRMSE increases and the penetration depth in the diffusion 
layer becomes greater than 6 mm, making this case unrealistic. In addition, increasing L yields 
δdif = 0 with higher nRMSE.  
Table ‎5-1- Results of cases in scenario 1 














1.5 1.5 0.75 
2
**
 1.5 1.0 0.61 
3 
0.15 
0.1 6+ 1.36 
4 0.8 3.0 0.72 
5 1.5 1.5 0.62 
6
**
 0.1 6+ 0.80 
7
*
 0.8 1.5 0.73 
8
*
 1.5 1.0 0.67 
9 
0.25 
0.1 6+ 0.67 
10 0.8 1.0 -0.99 
11 1.5 1.0 -0.94 
12
**
 0.1 0.0 0.94 
* L = 10LHSPF ** L = 20LHSPF 
 † negative nRMSE denotes simulated DO underestimates 
observed DO concentration 
 
   
 
5.3.3. Simulation Results for DO under Moderate R Value Cases (Scenario 2) 




).  The 
smallest nRMSE with acceptable DO concentration in diffusion layer is obtained for As/A = 0.15 
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. The nRMSE value and DO penetration depth (δdiff) are 0.67 and 3.5mm, 
respectively (Case 17). 
Furthermore, when increasing watershed BOD L is incorporated, depending on the value of 
L, nRMSE remains unchanged (L =10LHSPF) or increased (L = 20LHSPF) while δdif decreases in 




, low nRMSE may be 
achieved with increasing L value.  
As relative storage zone size (i.e. As/A=0.25) becomes larger, small μo values cause the 
overestimation of DO concentration (Cases 20) while high μo values result in the underestimation 




 yields relatively small nRMSE of 0.69, DO 
penetration depth is unreasonably large. It means that the relative storage zone size of As/A=0.25 
is too large to occur in fine-grained streams. 














1.5 2.5 0.83 
14
*
 1.5 2.5 0.69 
15 
0.15 
0.1 6+ 2.17 
16 0.8 6+ 1.41 
17 1.5 3.5 0.67 
18
*





1.5 2.0 -0.76 
20 
0.25 
0.1 6+ 1.57 
21 0.8 6+ 0.69 
22 1.5 2.5 -0.86 
* L = 10LHSPF ** L = 20LHSPF 
 † negative nRMSE denotes simulated DO underestimates 
observed DO concentration 
 
5.3.4. Simulation Results for DO under Low R Value Cases (Scenario 3) 




) in the flocculent layer can be 




), and high watershed 
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BOD loading (L = 20LHSPF). In this case, nRMSE and δdif are 0.65 and 2.5 mm, respectively.
 
 It 
appears that other cases with low R values are less likely to occur due to either overestimation 
(Case 25) or underestimation (Case 31) of DO concentration in water column. Simulation results 
for the low R value cases are presented in Table 5.3. 
5.3.5. Simulation Results for DO under Additional Cases  
Three additional cases (33, 34, and 35) are identified and simulated separately. In the first 
case (33), the relative storage zone size of As/A=0.0 is considered. When As/A reduces to zero, 
no significant DO reduction is found along the Lower Amite River. 
 Table ‎5-3- Results of cases in scenario 3 











1.5 3.5 0.89 
24
**
 1.5 2.5 0.65 
25 
0.15 
0.1 6+ 2.70 
26 0.8 6+ 1.52 
27 1.5 4 0.74 
28
**
 1.5 3 0.74 
29 
0.25 
0.1 6+ 2.41 
30 0.8 6+ 1.25 
31 1.5 6+ 0.70 
32
**
 1.5 3 -0.99 
* L = 10LHSPF ** L = 10LHSPF 
 † negative nRMSE denotes simulated DO underestimates 
observed DO concentration 
 
 
The DO level at Denham Springs station is 7.9 mg/l while the DO just slightly reduces to 
7.65 mg/l at Port Vincent station regardless of the magnitude of μo and R. This result is 
consistent with that of sensitivity analysis about the importance of storage zone size. Case 34 is 
designed according to previous studies by Dropp and Amos (2001) on the flocculent layer in 
fine-grained streams. This case is designed particularly for the Lower Amite River reach close to 
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the Port Vincent station. The parameter As/A or (δadv+δdif)/H is reduced to a small value of 
0.0088, corresponding to the thickness of (δadv+δdif = 8 + 3.5 mm) = 11.5 mm. For the very thin 









, nRMSE becomes 0.72.  
Measured data on BOD concentration in bottom sediment are rarely available. In addition, 
BOD concentration in bottom sediment may also vary along rivers. The highest R value used in 




. To understand the effect of extremely high R value on 




 and As/A =0.15 is simulated. The result 
indicates that dissolved oxygen is almost completely consumed in the flocculent layer (CF  0 
mg/L) before reaching diffusion layer. In this case the parameter R is the dominant sink term and 
the instream DO level is independent of μo value. The nRMSE for this case is 0.6.  
5.3.6. Simulation Results for Spatial Variations in DO and SOD  
Figure 5.8 shows normalized DO concentration profiles in the overlying water column, the 
flocculent layer, and diffusive bottom sediment layer under Cases 5 and 34 listed in Table 1. It 
also shows DO penetration depth at Denham Springs station, Port Vincent station, and a third 
station in between that is 17 km downstream of Denham Springs Station. The overall variation 
trends in the vertical DO profiles particularly in the bottom sediment layer are similar to those 
produced by Higashino and Stefan (2011), Higashino et al. (2004), and Steinberger and Hondzo 
(1999) using the concept of diffusive boundary layer above the sediment-water interface. The 
difference is due to introduction of advection-dominated storage zone in this study with constant 
DO concentration throughout the flocculent layer and water column layer.   
Figure 5.9 shows simulated SOD variations along the Lower Amite River under five 
different cases. While a constant R value is adopted in the simulation of each case, the R value 
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may actually vary along the river due to the change in the composition of sediment particle size 
and organic content in the sediment. Therefore, actual variation of SOD along the river may be a 
combination of the cases. The upper reach close to the Denham Springs may have a relatively 
low R value like Case 24 while the lower reach close to the Port Vincent may have a high R 
value like Case 34. Anyway, it is the SOD that causes gradual reduction in DO from the 
upstream Denham Springs station (DO = 7.9 mg/l) to the downstream Port Vincent station (DO  
3 mg/l). 
 
Figure ‎5.8- Vertical DO concentration ratio relative to DO concentration in water column at 
Denham Springs station (a-Case 5), Port Vincent station (c- Case 34), and a third station in 
between (b). 
 
Figure 5.10 shows the DO reduction along the Amite River due to the SOD under Case 2 for 
four different flow conditions. The DO data observed at Denham Springs and Port Vincent 
stations are also included. It can be seen from Figure 10 that the DO drops rapidly in the upper 
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10 km and then declines slowly in the lower portion of the river reach. The slow reduction in DO 
in the lower reach may be due to the low DO in water column and low DO concentration 
gradient across the sediment-water interface. Another mechanism possibly responsible for the 
slow reduction in DO is the increased reaeration at water surface, balancing the DO reduction 
due to SOD. 
 
Figure ‎5.9- SOD variation along Amite River under different conditions 
 
5.3.7. Mapping Longitudinal Variations in DO and SOD along Amite River 
In order to better display spatial variations in DO and SOD, numerical simulation results of 
DO and SOD can be displayed as raster data in ArcGIS which then are used to create KML 
(Keyhole Markup Language) files or KMZ (Keyhole Markup language Zipped) files in ArcGIS 
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(Geographic Information System). The KML/KMZ files can be opened on the Google Earth to 
generate interactive Google maps. The Google maps can be viewed at various spatial scales 
(Figure 5.11 and 5.12) with different details such as river networks, cities, and land use/land 
cover. Figures 11 and 4.12 show Google maps for simulated variations in DO and SOD along the 
Lower Amite River, respectively. 
 
Figure ‎5.10- Spatial variation of DO along Amite River for case 2 
 
It is clear from Figures 5.11 and 5.12 that DO concentration in the upper 7 km of the 40 km 
long river reach meets the water quality standard of 5 mg/L. The DO level drops to about 3 mg/L 
(in red color) in the lower 11.6 km of the river reach, where two tributaries, the Claycut Bayou 
and the Bayou Manchac collecting runoff from the Baton Rouge metropolitan area (Figure 5.1), 
join the Amite River. It appears from the maps that the Claycut Bayou and the Bayou Manchac 
are potentially major sources of DO pollution to the Lower Amite River. Figure 5.13 is a SOD 
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map showing longitudinal variation in SOD along the 40 km long river reach. The SOD is 
dependent on availability of DO in water column. 
 
Figure ‎5.11- Watershed-scale map showing DO variation along Amite River 
 
 




The low SOD in the lower portion of the river reach is attributed to the low DO fluxes into the 
sediment layers due to low DO gradient across the sediment water interface. The SOD map in 
Figure 5.13 is consistent with the DO map in Figure 5.12. 
 
Figure ‎5.13- Spatial variations of SOD along Amite River between Denham Springs and Port 
Vincent Stations 
 
5.4. General Discussion 
Instream DO estimations were conventionally conducted under certain predefined 
conditions while the conditions may change significantly over time and space, causing high 
uncertainty in calculated DO concentrations. Therefore, it is important to recognize the 
uncertainty and incorporate the natural variability and associated uncertainties in model input 
parameters into DO simulations so that effects of the uncertainties on simulated DO 
concentrations could be identified and taken into account in TMDL development and 
implementation. This paper demonstrates how the VART DO-3L model could be employed to 
analyze and understand instream DO variations under uncertain environmental conditions. 
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It can be seen from both the sensitivity analysis and the simulation results of various cases that 
the relative size of storage zone (As/A) or the relative thickness (δadv+δdif)/H of the flocculent 
layer and the diffusive layer is by far the most important parameter to instream DO modeling. 
Unfortunately, this critical parameter, particularly the flocculent layer (δadv), is rarely taken into 
account in existing DO models for streams. Therefore, the incorporation of the flocculent layer 
(δadv) into DO modeling is a unique and important feature of the VART DO-3L model. While the 
(δadv+δdif)/H is the most sensitive model input parameter, the instream DO reduction is fully 
controlled by the three reaction terms, including the BOD in water column (L) and the SOD in 
the flocculent layer (R) and in the diffusive bottom sediment (μo). Even in the cases (e.g. Cases 
30 and 31 in Table 5.3) with relatively smaller DO penetration depths, μo is still high, indicating 
high biological activities or reactions in bottom sediment. Likewise, high reaction rates (R) in the 
flocculent layer are also found in the simulations (Cases 2, 5, and 8 in Table 5.1). RMSEs for the 
three cases are 0.61, 0.62, and 0.67, respectively. 
While producing low RMSE (0.61), Case 2 is less likely to occur since it requires the 
watershed BOD loading (L) that is as high as twenty times (L = 20LHSPF) the BOD loading 
(LHSPF) predicted by the HSPF model.  Case 8 is based on the BOD loading rate (L) that is ten 
times (L = 10LHSPF) the BOD loading predicted by the HSPF model. While the BOD loading (L) 
in this case is still much higher than the HSPF model prediction (LHSPF), the concentration (L) is 
close to the BOD concentration observed during storm events in the Bayou Manchac (LDEQ, 
2010), a major tributary of the Lower Amite River. The high concentration of BOD in the Bayou 




According to simulation results from the VART DO-3L model, the DO level at the Port 
Vincent station would not drop to the observed low levels (Figure 10) under the high BOD 
loading (L = 10LHSPF) alone. As a result, the parameter combination for Case 5 in Table 2 is 
more reasonable than other cases for the river reach close to the Denham Springs station 
characterized by sandy bottom sediment. The DO penetration depth for this case is 1.5 mm 
which is in the range of 0-3.39 mm determined from Eq. 5. For the reach close to the Port 
Vincent station characterized by fine-grained sediment, Case 34 seems to produce more realistic 
results though the nRMSE is higher than that in Case 5. Due to the transition of sediment particle 
size from the Denham Springs station with sandy sediment to the Port Vincent station with silt 
sediment, the DO variations along the Lower Amite River may better be described by combining 
Cases 5 and 34.  
A limitation of this study is the use of constant values for the lumped reaction parameters R 
and μo along the Amite River. This, however, rarely happens in nutrient enriched rivers like the 
Amite River due to the change in both the composition of sediment particle size and the content 
of nutrients in bottom sediment. More efforts are needed to identify and describe the variability 
in the reaction parameters. 
While this paper focuses on modeling of DO in fine-grained streams with flocculent layer, 
the VART DO-3L model is also applicable to sandy and gravel rivers or river reaches like the 
reach close to the Denham Springs station. For sandy and gravel rivers, Eq. (2) can be employed 
to simulate the upper sediment layer with relatively uniform solute concentration (Deng and Jung 
2009) while Eq. (3) can be used for the lower diffusive layer (Figure 8 b and c). The VART DO-
3L model can also be applied to simulate other pollutants and nutrients such as nitrate-nitrogen 
by replacing the reaction terms in Eqs. (1) – (3).  
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5.5. Conclusions  
A new modeling tool, called VART DO-3L, is presented in this paper for simulation of 
instream dissolved oxygen (DO) variations. The VART DO-3L is innovative in terms of 
modeling the triple-layers, including water column, an advection dominated sediment layer, and 
a diffusion-dominated sediment layer in streams. Major findings from the VART DO-3L model 
application to the Lower Amite River can be summarized as follows:  
1) The relative size of storage zone (As/A) or the relative thickness (δadv+δdif)/H of the 
flocculent layer and the diffusive layer is the most important parameter to modeling DO 
variations in nutrient enriched streams with fine-grained sediment. While the (δadv+δdif)/H is 
the most sensitive model input parameter, the instream DO reduction is fully controlled by 
the three reaction terms, including the BOD in water column (L) and the SOD in the 
flocculent layer (R) and the diffusive bottom sediment (μo). 
2) DO levels in the Lower Amite River exhibits strong variations at various spatial scales 
ranging from millimeters in bottom sediment to meters in water column and further to 
kilometers in the longitudinal flow direction. In terms of longitudinal variation, the DO level 
decreases from 7. 9 mg/L at the Denham Springs station to about 2.89 mg/L at the Port 
Vincent station. In terms of vertical variation, the DO level drops rapidly from the overlying 
water column to the advective layer and further to the diffusive layer. The DO level in the 
advective layer is about 6% - 40% of that in water column. The thickness of the diffusive 




3) Variations in SOD are controlled by the parameters R, μo, As/A, and watershed BOD loading 
L. The higher the R value, the steeper the slope of SOD reduction along the river. Overall, the 
SOD tends to approach a constant value (SOD∞) along the lower portion of the river reach. 
4) The spatial and particularly longitudinal variations in DO and SOD can be efficiently 
mapped using ArcGIS and Google Earth. The Google Earth map indicates that the DO level 
drops significantly downstream of the Claycut Bayou confluence and particularly the Bayou 
Manchac confluence, indicating that the Claycut Bayou and the Bayou Manchac are 
potentially the major sources of DO pollution to the Lower Amite River. 
5) Uncertainties in model input parameters may be addressed by combining Monte Carlo 
method and scenario/case simulations. 
6) While this paper focuses on modeling of DO in fine-grained streams, the VART DO-3L 
model is also applicable to sandy and gravel rivers. The VART DO-3L model can be 
extended to simulation of other pollutants and nutrients such as nitrate-nitrogen by replacing 
reaction terms in the model, providing a versatile tool for modeling stream water quality. 
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CHAPTER 6                                                                                                   
SUMMARY OF MAJOR FINDINGS AND DISCUSSION 
6.1. Summary  
The main purpose of this dissertation is to introduce a modeling framework for simulating 
dissolved oxygen in lowland rivers with fine-grained, organic-rich bottom sediment. Due to 
extremely mild (near flat) slope of lowland rivers, suspended particles/solids with high 
concentration in water column begin to aggregate and deposit specifically in low flow condition 
of hot summer time. This process eventually leads to the formation of a flocculent layer 
(advection dominated layer) on the top of relatively consolidated bottom sediment (diffusion-
dominated layer). Based on this theory, the three-layer model, VART-DO-3L, was proposed 
which also includes the major physical (i.e. advection, dispersion, hyporheic exchange) and 
biochemical (i.e. BOD degradation, oxidation of organic materials) processes that affect DO 
variations in lowland rivers. The VART-DO-3L model allows the computation of spatial and 
temporal changes in DO in water column, flocculent layer, and bottom sediment. With the 
VART-DO-3L model, it is also possible to quantify sediment oxygen demand in different 
locations along the river at different times. The VART-DO-3L model draws a new perspective 
on exchange of dissolved oxygen in lowland rivers from water column to the flocculent layer 
(storage zone), which usually has high concentration of organic materials, and further to the 
bottom sediment (diffusion layer). Since detailed information about the DO consumers (i.e. 
BOD, algae, reduced metal ions, etc.) in flocculent layer and bottom sediment is rarely available,  
lumped reaction terms were used in the proposed VART-DO-3L model to represent DO 
consumption/uptake due to existence of various sinks. An uncertainty analysis and a scenario-
based evaluation can accompany the simulations to address uncertainty in these reaction terms. 
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The VART-DO-3L model is also applicable to sandy/gravel rivers without any change to the 
structure of the model and to other constituents by considering appropriate changes to the 
influential processes and sink/source terms. The VART-DO-3L model was applied to the Lower 
Amite River in Louisiana, USA to verify its performance and demonstrate a practical application 
of the model. Detailed elaborations on the VART-DO-3L model were presented in Chapter 5. 
The VART-DO-3L model can be simplified by ignoring DO exchange in bottom sediment 
especially when detailed mapping of DO concentration changes in the sediment is not required. 
In such circumstances, sediment oxygen demand can be considered by a lumped term defined as 
SOD. Furthermore, during flood events, accumulated materials (i.e. BOD, algae, and reduced 
metal ions) in river bed are inclined to re-suspension. Thus, beside watershed BOD, resuspension 
of river bed materials is an additional burden on DO concentration in water column and needs to 
be properly considered in simulation of DO. Therefore, the VART-DO-3L model can be 
modified to the VART-DOS model by keeping main processes (i.e. advection, dispersion, 
hyporheic exchange, reaeration, and BOD degradation) and accounting for the sediment 
resuspension effect. Since resuspension is very much dependent on erosion rate and thus on flow 
rate, during base-flow condition (lower erosion rate) the impact of sediment resuspension 
vanishes to minimal value in VART-DOS simulation. Effect of temperature on sediment-induced 
DO consumption was considered in the VART-DOS model. The VART-DOS model was 
calibrated and applied to the case of Amite River during high flow (Jan. 1990) and low flow 
(July 1990) conditions. The results showed that up to 83% of DO consumption in water column 
during July of 1990 can be attributed to the resuspension of bottom particles. In contrast, 
resuspension is ineffective in DO consumption during January 1990.  Details about the VART-
DOS model are given in Chapter 4. 
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The VART-DO-3L model can be further simplified by ignoring the exchange of DO 
between water column and bottom sediment to get the VART-DO model. Like the VART-DO-
3L model, diurnal effects of photosynthesis and respiration are also overlooked due to the lack of 
detailed observed data for DO. In fact, the VART-DO model was deliberately kept simple by 
considering only the processes that exist in all types of rivers: advection, dispersion, hyporheic 
exchange (storage zone effect), BOD degradation, and reaeration such that the fundamental 
impact of dispersion and hyporheic exchange on reaeration coefficient (K2) in rivers may be 
understood. By collecting observed DO data from river reaches that are free from BOD 
materials, it is possible to ignore DO consumption because of BOD degradation. The results in 
Chapter 2 revealed that hyporheic exchange can reduce reaeration coefficient by 30% while 
dispersion can increase K2 by 50%. Generally, combined effects of storage zone and longitudinal 
dispersion yield reaeration coefficients that were up to six times greater than reaeration 
coefficients predicted by empirical equations. 
 Consideration of watershed contribution to in-stream DO changes was an important 
component of model development in this dissertation. The impact of watershed BOD, 
conventionally ignored in DO simulations, was captured by using watershed HSPF (Hydrologic 
Simulation Program-Fortran) model and integrating the results into in-stream VART series 
model. Thus, DO allocation to non-point source pollution is clearly addressed prior to 
identification of other potential sources of DO consumption. 
6.2. Discussion of Future Work 
Throughout present study the focus was on daily time scale simulation of DO in the river. 
Diurnal changes of DO, however, can be substantive in formation of DO shortage. In fact, 
diurnal variation of DO requires consideration of additional sink/source terms such as 
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photosynthesis, respiration, canopy shading. A comprehensive DO model platform should 
address these interactions as well. 
The procedures discussed throughout this dissertation for development of modeling tools for 
studying DO variations in riverine environments are also applicable in development of models 
for other water quality indicators. The biggest shortcoming in such model development studies, 
however, is availability of observed data from the environment. In fact, gathering data and data 
analysis are primary steps in development of a new modeling tool. Furthermore, introducing a 
modeling platform with high predicting capability requires more reliable data for both calibration 
and validation. This is especially important as new contaminants, such as hormones, and 
pharmaceutical compounds pose threats to our water resources. Thus, as we continue to 
introduce new models we need to improve data gathering techniques. Sensor technologies along 
with sophisticated data gathering algorithms provide unprecedented data acquisition methods. 
Such an approach in data gathering is also helpful in conducting stochastic modeling and 
analysis such as Bayesian analysis in water resources planning and management. Watershed 
responses to climate change can seriously affect water quality parameters. Irregular flood 
events/drought patterns can change hydraulic and morphology of the region leading to change in 
water quality indicators. Thus, climate change impact should be considered in our decision 
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